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I. INTRODUCTION 
A. Statement of the Problem 
With the emergence of immobilized enzymes as potential 
catalysts for certain industrial applications, has grown the 
need for understanding and solving the reactor design problems 
associated with using such catalysts. So far, very little work 
has been done in evaluating the mass and heat transport 
characteristics of immobilized enzymes in packed beds, and it 
is the purpose of this research work to apply chemical engi­
neering techniques in determining such properties so that the 
overall reaction kinetics of immobilized enzymes can be more 
fully understood. 
Most enzymatic reactions usually follow Michaelis-Menten 
kinetics, namely, 
dC _ keC /1 1 \ 
- at - + c ' (I'l) 
where C is the substrate (reactant) concentration, k a re-
\ 
action velocity constant, e the amount oi enzyme present 
initially, the Michaelis constant, and t the time. By 
definition, is the substrate concentration at which the 
reaction rate is one half the maximum rate that can be attained, 
namely ke. The rate expression is unique in that a zero order 
reaction is predicted for << C, and a first order reaction 
for >> C. Although Equation 1.1 should apply only for the 
2 
free enzyme, attempts have been made to model the reaction 
rate of immobilized enzymes with the modified expression, 
-  ^  =  -  f  ( 1 . 2 )  
K + C 
m 
where e is the amount of enzyme bound to the support matrix, 
k is the reaction velocity constant for the immobilized enzyme, 
and is the apparent Michaelis constant. Hornby, Lilly, and 
Crook (1), and Weetall and Havewala (2) report values of 
apparent Michaelis constant for ficin chemically attached to 
carboxymethylcellulose and glucoamylase covalently attached to 
porous glass, respectively. In the latter case, it was found 
that varies with the substrate concentration. Because 
cellulose and porous glass are both porous support materials, 
any variation in with the substrate concentration can be 
explained by considering the internal diffusional effects of 
the immobilized enzyme. In the aforementioned studies, internal 
diffusion was regarded as negligible and it is apparent from 
some of the reported results that herein lies the discrepancy 
of varying with the concentration. 
In the modeling of immobilized enzyme systems, standard 
chemical engineering fundamentals can be used to assess the 
role of not only internal diffusion but also external dif­
fusion effects. Ford, Lambert, Cohen, and Chambers (3) apply 
a differential packed column with total recirculation in 
3 
determining how the reaction rate of immobilized trypsin is 
changed by varying the flow rate around the porous particle. 
Such a test indicates how the rate of reaction is influenced 
by substrate diffusion through the thin liquid film surrounding 
the catalyst. Since they experimented with very small porous 
particles, internal diffusion effects were indeed negligible. 
After the mass transfer characteristics of the im­
mobilized enzyme have been worked out, the next step is to 
design reactors employing the fixed enzymes and try to predict 
the kinetic behavior of such. Kobayashi and Moo-Young (4) 
consider the case of chemical reaction with axial dis­
persion in a packed column of immobilized enzyme, but in their 
treatment, the internal diffusional effects are neglected and 
isothermal operation is assumed to hold. For many enzymatic 
reactions, there is a significant heat of reaction and because 
the activity temperature profiles of most enzymes are bell 
shaped and display a narrow range for optimum activity, the 
temperature increase or decrease in the reacting solution due 
to substrate conversion should be carefully evaluated. 
To date, very little work has been done which adequately 
accounts for internal diffusional effects in immobilized 
enzymes, and there exists no published literature for the 
prediction and experimental finding of temperature and 
concentration profiles in an adiabatically operated packed 
column of immobilized enzyme. The ultimate objectives of this 
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research were to: 
1. determine the intrinsic rate kinetics of the free 
enzyme, 
2. find pH and temperature relationships for the free 
and immobilized enzymes, 
3. develop a model for evaluating the internal dif-
fusional effects of the immobilized enzyme, 
4. predict and determine the reaction rates of the 
immobilized enzyme for an external and/or internal 
resistance controlled reaction, 
5. solve the simultaneous heat and mass transfer 
problem associated with enzymatic reaction in an 
adiabatic packed bed reactor where axial dispersion 
of heat and mass prevails. 
B. Background: Enzymes, Enzyme Analogs, and 
Immobilized Enzymes 
I.* The specificity and activity of enzymes 
Enzymes comprise a special branch of proteins which are 
able to catalyze certain chemical reactions. In structure, 
they are macromolecules consisting of many peptide chains 
which are long groups of amino acids arranged in a specific 
sequence. The catalytic activity of enzymes is created by 
the particular conformation of these peptide chains, While 
the nature of enzyme-substrate binding is very complex, it 
suffices to say that the enzyme has an arrangement of amino 
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acid residues such that only a very few substrates possess the 
necessary shape and chemical groupings to form bonds with 
several of these residues simultaneously. In other words, 
only a few compounds may be capable of acting as substrates 
for an enzyme which makes the enzyme very specific. An example 
of enzyme specificity is cited by McGilvery (5). Ribonuclease 
A is one of many enzymes found in the mammalian pancreas that 
catalyze the hydrolysis of ribonucleates. Because of its 
relatively small size, extensive studies have been made in an 
attempt to formulate a specific mechanism, and it is generally 
accepted that the enzyme catalysis is specific for the 5'-
phosphate ester bond of a ribonucleate (RNA) at positions where 
this phosphate is also attached to the 3'-carbon of a 
pyrimidine nucleoside. 
Not only do enzymes display specificity, but they also 
show remarkable activity. On a weight basis, enzymes are 
usually 100-1000 times more active than their inorganic 
catalytic counterparts. A specific example is carbonic 
anhydrase. For the hydration of carbon dioxide to carbonic 
acid, this enzyme is 5000 times more active than the normally 
used industrial catalyst, arsenite. 
Enzyme analogs and applications 
Because enzymes display remarkable activity and 
specificity, attempts have been made to formulate enzyme-like 
structures, or models called enzyme analogs, which might 
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possess some of these desired properties. In many cases, 
enzymes are impractical for large-scale industrial use because 
of their limited availability, high cost, low thermal stability, 
and solubility in aqueous solutions. Therefore, some research 
has been directed toward finding organic compounds which could 
simulate the activity and specificity of an enzyme, yet possess 
better stability and solubility features. 
Welch and Rase (6) have experimented with the synthetic 
polypeptide poly-e-carbonbenzoxy-L-lysine (PCBZ-lysine), since 
it has large amino acid side chains, is of high molecular 
weight, and displays good thermal and insolubility properties. 
Because a metal complex of a polypeptide would provide metal 
active sites in a proteiif-liku' network, a study was made on 
PCBZ-lysine coordinated with copper. The reactions to be 
catalyzed were the dehydrogenations of five alcohols two of 
which were somewhat bulkier than the other three. The experi­
mental findings indicated that Cu-PCBZ-lysine was just as 
active if not more than competitive catalysts for the same 
reactions, and that it displayed almost total or total 
exclusion of the bulkier alcohols, which demonstrated the 
shape selectivity of the catalyst. 
Another interesting analog was developed by Wang (7). 
He found that ferric iron complexed with triethylenetetramine 
(TETA) showed remarkable activity for the decomposition 
reaction of hydrogen peroxide to molecular oxygen and water, 
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usually catalyzed by the enzyme, catalase. The reason for use 
of iron instead of another metal is that catalase, itself, is 
composed of a ferric iron ion held in a porphyrin ring. The 
large ring defines the active metal site for entering reactant, 
and thus, TETA, similar in structure to porphyrin, was modeled 
around the ferric iron to yield the analog. 
An analog which has less defined active sites was worked 
on by Wingard and Finn (8). Pyrocatechase is one member of a 
group of enzymes which catalyze the opening of the aromatic 
ring of mono- and diphenolic compounds. Upon addition of 
oxygen to the phenols, muconic acid is produced in the presence 
of the enzyme. Without enzyme present, orthoquinone is formed 
in addition to muconic acid. Upon experimentation with various 
organic complexing agents coordinated about ferrous iron, some 
increased activity was observed, but the predominant product 
was orthoquinone. This problem is cited, because it 
illustrates the difficulty in defining the active sites of 
the enzyme and constructing a model such that the environment 
of the active sites is simulated in the enzyme analog. 
While there has been some success in the development of 
enzyme analogs, the work involved is painstaking and usually 
involves a trial and error procedure. Recently, attempts to 
physically or chemically attach enzymes to solid matrices have 
proven quite successful, and widespread attention has now been 
focused in this area for the utilization of enzymes in 
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industrial processing. Such attached enzymes are now formally 
called immobilized enzymes. 
2» Immobilization of enzymes 
Up until five or six years ago, immobilized enzymes were 
but a laboratory curiosity. However, just recently a new 
technology based on enzyme immobilization has come forth, and 
already in Japan an immobilized enzyme process is now in 
commercial operation for the resolution of amino acids (9). 
The reasons for the popularity of immobilized enzymes are 
chiefly due to what their name implies. Since the enzymes are 
attached to a solid matrix, they are in a sense "immobilized" 
and the enzymes are easily separated and recovered from the 
reaction product. Because of this, their continued reuse is 
possible, and this provides an economic advantage over the use 
of "free" enzymes which are usually soluble in the reaction 
product and therefore are unrecoverable except perhaps by some 
expensive technique such as ultrafiltration (10). If the free 
enzyme cannot be recovered, then there is the possibility of 
contamination by the enzyme in the product stream, and this is, 
of course, to be avoided. 
Another advantage of fixed enzymes is their usual in­
creased stability. Melrose (11) did a study on 50 immobilized 
enzyme systems and compared activities with their soluble 
counterparts after a certain length of time had elapsed. 
Thirty were found to be more stable, 12 no noticeable 
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difference, and the remaining 8 less stable. A specific example 
of a very stable immobilized enzyme is cited by Weetall and 
Havewala (2). Glucoamylase covalently attached to porous glass 
coated with ZrOg showed a remarkable half life of 645 days. The 
reasons for such stability are unclear; however, it is generally 
thought that stabilization results because active groups are 
sterically shielded from attack by reactive groups in solution 
and also that the enzymes are "pinned down" to the extent that 
deformation due to thermal effects is minimized and thermal 
inactivation is slowed down. 
There are many methods of immobilizing enzymes and these 
have been very well reviewed by Silman and Katchalski (12), 
Kay (13), and Goldstein (14). Carbonell and Kostin (15) have 
also done an excellent review of this subject. The ways by 
which enzymes are attached to enzymes can be categorized into 
four groups : 
1. physical adsorption of the enzyme to an insoluble 
support, 
2. mechanical entrapment of the enzyme in a gel or 
polymer matrix, 
3. covalent crosslinking of the protein molecules to 
form an insoluble product, 
4. covalent linkage of the enzyme to an inert organic 
or inorganic support such as cellulose or glass. 
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Physical adsorption of enzymes onto solid matrices is 
very simple and involves attachment of the enzyme to the solid 
particle by exposure under very mild conditions. Because no 
reactive species is involved, there is not any modification in 
the enzyme. However, adsorbed enzymes are easily desorbed in 
the presence of substrate and this disadvantage can render some 
enzymes active for only a short period of time. By binding 
aminocyclase to DEAE-Sephadex, Tosa, Mori, and Chibata (16) 
were able to carry out the continuous optical resolution of 
acyl-DL-methionine, and the activity was remarkably good. 
Inclusion of enzymes in gels or polymer matrices has also 
received attention. As in the case of physical adsorption, 
physical entrapment of enzymes into such solids as polyacryl-
amide or starch affords the advantage of relatively mild 
reaction conditions without significant alteration of the 
enzyme. However, the disadvantages are that substrate 
molecules of very high molecular weight cannot penetrate into 
the gel to reach the enzyme, the problem of diffusion control 
of substrate and product arises, and the loss of enzyme from 
loosely crosslinked gels can occur. A successful attempt to 
immobilize glucose oxidase by imbedding the enzyme in a carrier 
of crosslinked polyacrimide, was made by Hicks and Updike (17). 
The third mode of immobilization, whereby the protein is 
cross-linked into an insoluble product, is usually performed 
with the utilization of some bifunctional reagent such as 
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glutaraldehyde. Because the process involves the binding of 
many enzyme molecules into a conglomerate-sized macromolecule, 
it is probably true that many active sites are sterically 
blocked or in some way hindered due to the molecular inter­
actions. Also internal diffusion problems are likely. Schejter 
and Bar-Eli (18) reacted catalase with glutaraldehyde and 
suspended the precipitate in a column packed with a polyvinyl 
resin. Upon cross linking there was a considerable loss of 
activity, but it was found that the stability of the enzyme was 
excellent. 
Finally, there is the covalent attachment of enzymes to 
inert support materials. The majority of work in enzyme im­
mobilization is connected with this method. The following 
discussion is taken in part from Falb (9). Since enzymes are 
macromolecules consisting of peptide chains with many amino 
acids linked together, it is worthwhile to look at the combina­
tion of three amino acids with different reactive groups to 
form a peptide chain: 
R R' R" 
I I I 
- CH - coo" + - CH - COO" + - CH - COO" 
- ZH^O 
R 0 R' 0 R" 
- CH - C - NH - CH - C - NH - CH - COO" 
The covalent bonding of enzymes to solid matrices results from 
the reaction with -NHg* and -COO"" terminal ends as well as 
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reactive groups contained in pendant groups of the enzyme 
molecules. The amino acid, lysine, is important in that the 
most frequent site of attachment is through the terminal 
group and pendant amino groups contained in lysine residues. 
The structure of lysine is: 
(CH2)4 
- CH - coo" 
Other amine groups involved in attachment are the imadazoyl 
groups of histidine and the guanidinyl groups in arginine. 
Besides the amine group, attachment can be affected through 
carboxylic acid, COO , residues present in glutamic and 
aspartic acid and any COO" terminal ends of the protein. 
Another attachment site is the hydroxyphenyl group present in 
tyrosil residues which reacts readily with a diazonium reagent. 
Finally, attachment can be made with the formation of a 
disulfide linkage with the sulfhydryl groups present in 
cysteine residues. So, it is apparent that covalent linking of 
enzymes with solid supports can be accomplished in many ways, 
and the particular type of attachment will ultimately govern 
the activity of the immobilized enzyme. 
In binding enzymes to solid carriers, it is important 
that the reaction does not seriously lessen the effectiveness 
of functional groups that may be essential for catalytic 
13 
activity. Thus, it would seem important to select those 
reactions which would give the optimum enzyme activity. This 
is, however, very difficult as the active sites and reaction 
mechanisms have been worked out for only a very few enzymes. 
The selection usually involves a trial and error procedure; 
however, guidelines can be given. The solid phase to which 
the enzyme is attached should have reactive groups which will 
react to form covalent linkages with the enzyme. The groups 
should be able to react under as mild reaction conditions as 
possible. Enzyme attachment is accomplished either by direct 
reaction with inert groups in the enzyme or with bifunctional 
agents such as glutaraldehyde and cyanuric chloride. 
Although a large number of reactions exist for the 
coupling of enzymes to solid materials, the active groups 
involved in the attachment can be placed in the following 
three categories : 
1. Nucleophilic groups. The most commonly used are 
amines; however, sulfhydryl and hydroxyl groups 
are also employed. 
2. Groups receptive to nucleophiles. These include 
activated carbonyls such as acid chlorides, acid 
azides, and acid anhydrides and activated benzene 
rings such as dinitrochlorophenyl derivatives, 
isocyanates and isothiocyanites. 
3. Diazonium salts. 
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In choosing the type of matrix one must consider such 
factors as cost, stability, and rigidity of the material, and 
also the porosity, surface area, particle size, and density 
should be given attention especially when the immobilized 
enzyme is to be applied in some reactor design. Over the last 
few years, enzymes have been chemically attached to all kinds 
of natural polymers, synthetic polymers, and inorganic materials 
such as glasses, metals and metal salts. Of the natural 
polymers, modified celluloses such as carboxymethyl- and DEAE-
cellulose have been often used. Synthetic polymers such as 
substituted sephadexes, polyamino acids, and polystyrene resins 
are also of current interest. 
Although many organic carriers yield good enzymatic 
activity, according to Weetall (19) , these derivatives are 
susceptible to microbial attack. Also, when used in columns 
the structure of the matrix changes with varying pH and solvent 
conditions. Inorganic carriers, on the other hand, are not 
affected by changing reaction conditions, and because of smaller 
pore diameters do not allow bacterial cells to penetrate into 
the support and destroy the enzyme. Such materials as porous 
glass, silica, activated clays, alumina, and numerous metals 
and metal salts have been shown to effectively bond enzymes. 
Because porous glass is quite rigid and affords a large amount 
of surface area per unit weight, it has currently been of 
unique interest for immobilizing enzymes. Enzymes are attached 
to the porous glass by reacting with functional groups present 
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with trialkyloxysilanes, These groups may be amino, vinyl, 
cyano, sulfhydryl, or aminophenyl. A detailed description of 
immobilization on glass follows. 
C. Immobilization of Enzymes onto Porous Glass 
Many enzymes have been successfully covalently linked to 
porous glass including glucose isomerase (20), glucose oxidase 
(21, 22), urease (23), trypsin (21, 24), L-amino acid oxidase 
(25), steroid esterase (26), and glucoamylase (2, 27). A. 
Messing and H. H. Weetall (21) of Corning Glass Works introduced 
the technique of bonding enzymes to porous glass, and while 
there undoubtedly exists a multitude of enzyme linkage pro­
cedures, Corning Glass has come up with four selected enzyme 
coupling techniques (28): 
1. Carbonyl intermediate and Schiff base coupling. 
2. Aromatic amine intermediate, diazotization, and 
azo coupling. 
3. Carboxyl intermediate and amide coupling. 
4. Isothiocyanate intermediate and thiourea coupling. 
The latter two are not used as often as the former two, 
probably because the former techniques involve fewer steps. 
All four involve some bifunctional intermediate which is used 
in coupling with reactive groups on the enzyme. The 
first two techniques will be discussed here since they are 
involved in the experiments of this research. 
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1. Carbony1 intermediate and Schiff base coupling 
In all of the methods of immobilization of enzymes onto 
porous glass, the glass, usually about 96 percent silica, is 
aqueously silanized in a 10 percent y-aminopropyltriethoxy-
silane solution. The reaction is; 
— Si - OH + HgCgO -ySi - (CHg)] - NH^—» Si - (CHj) 3 - NHg 
H5C2O 
/ 
The reaction product is called alkylamine silane glass. To 
create the carbonyl intermediate and then attach the enzyme by 
Schiff base coupling, the alkylamine silane glass is reacted 
with glutaraldehyde and the resulting product is then reacted 
with the enzyme; 
O O 
11 II 
f-Si - (CHg)] - NHg + H - C - (CHg)] - C - H 
II 
(-Si - (CHg)] - N = CH - (CHglg-C-H 
/ei Enzyme 
|-Si - (CHg)] - N = CH - (CHg)] - CH = N - Enzyme 
Aromatic amine intermediate, diazotization, and azo 
coupling 
With this method, the alkylamine silane glass is converted 
to the arylamine derivative by reacting the former with 
paranitrobenzoyl chloride and triethylamine and then reducing 
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the nitrated glass with aqueous sodium dithionite solution: 
O 
II 
|-Si - (CHg)] - NHg + CI - C NO2 
\ S 
|-Si - (CHg)] - NH - C NOg 
0 /[H+] 
II ^ 
|-Si - (CHg)] - NH - C NHg 
The aromatic amine product, called arylamine silane glass is 
next diazotized by reacting with 2N HCl and sodium nitrate. 
The azo derivative is then placed in enzyme solution for 
coupling to result: 
O 
[-Si - (CHg)] - NH - C NHg 
\NaNO^ f HCl 
\ O 
f t  
|-Si - (CHg)] - NH - C -(§)- Ng Cl" 
O VEnzyme 
M 
[-Si - (CHg)] - NH - C N = N - Enzyme 
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II. THEORY 
A. Mass Transfer Mechanisms for Enzymes 
Immobilized on Porous Particles 
When enzymes are immobilized onto porous inert support 
materials such as porous glass, an evaluation must be made on 
what effect diffusional limitations have on the reaction rate. 
In the design of chemical reactors utilizing porous catalysts, 
diffusion problems arise, and a careful control of such 
parameters as liquid stream flowrate and catalyst size is 
important. 
In order to realistically analyze the mass transport 
process, certain assumptions must be made: 
1. Steady state mass transfer prevails. 
2. Enzyme molecules are firmly attached and distributed 
evenly throughout the immobilized enzyme matrix. 
3. Thermal gradients inside the immobilized enzyme 
are negligible and disregarded. (This will later 
be theoretically verified for our study.) 
4. Michaelis-Menten kinetics apply for the local 
reaction rate at enzyme sites. 
In a treatment similar to that of Levenspiel (29) for 
heterogeneous catalytic reactions dealing with solid-fluid 
systems, one can consider the following steps in analyzing 
the overall reaction rate involving immobilized enzymes: 
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1. Diffusion of substrate molecules across a thin 
liquid film immediately next to the exterior of 
the porous particle. 
2. Intra-particle diffusion of substrate to enzymatic 
sites along the length of the pores. 
3. Association of substrate with enzyme to result in 
conversion of substrate to product. 
4. Outward, intra-particle diffusion of reaction product. 
5. Diffusion of product from the pore opening through 
the liquid film to solution. 
One or more of the above processes can become rate controlling 
and it is necessary to predict which ones are in order to 
predict the overall reaction rate. 
The enzyme, glucoamylase, also called amyloglucosidase, 
is known to catalyze the formation of glucose from starch and 
starch hydrolysis intermediates such as maltose and dextrins. 
The hydrolysis of maltose to glucose by glucoamylase has been 
studied by many researchers (30, 31, 32), and the reaction is 
found to follow Michaelis-Menten kinetics. Also, the reaction 
is essentially irreversible, although it has been discovered 
that certain irreversible back-polymerization products are 
formed when the concentration of glucose becomes high (33). 
This usually happens only at very high conversions, and for 
conversions of 95 percent or less this effect is not very 
significant. 
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The conversion of maltose to glucose by immobilized 
glucoamylase on porous glass has proven to be of significant 
merit, and is the reaction involved in experiments of the 
present study. Because the diffusivity of glucose is larger 
than that of maltose and also because maltose hydrolysis is 
irreversible, the latter two steps (4 and 5) given above, 
can be disregarded. In analyzing the rate of overall reaction 
of the immobilized enzyme, only the resistance of liquid film 
and those of the simultaneous substrate diffusion through the 
pores and chemical reaction at enzymatic sites, will be con­
sidered. These resistances are shown in Figure 1 and an 
electric analog is given. Because the pore diffusion and 
internal reaction resistances are in parallel, an equivalent 
internal reaction resistance can be found, and this can be 
compared with the external resistance of film diffusion. Since 
the outside surface area of the matrix is considerably much 
less than the internal surface area, chemical reaction at the 
exterior surface of the particle is regarded as negligible. 
B. External Resistance of Liquid Film 
1. Film theory 
Where liquid film resistance is important, conversion 
will vary with changing liquid flowrate. This is explained 
by considering a thin liquid film of thickness, <S, immediately 
next to the exterior surface of the porous catalyst (Figure 2). 
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SOLUTION 
BULK 
LIQUID 
FILM L_ 
INTERIOR SURFACE OF PORE 
EXTERIOR SURFACE 
LIQUID FILM RESISTANCE 
PORE DIFFUSION RESISTANCE 
% \ 
% RESISTANCE DUE TO 
" CHEMICAL REACTION 
CHEMICAL REACTION RESISTANCE AT SURFACE 
Figure 1. Sketch of catalyst pore showing resistances of 
external liquid film and internal pore diffusion 
and chemical reaction 
CATALYST PARTICLE 
LIQUID 
FILM 
SOLUTION 
BULK 
Figure 2. Sketch showing catalyst particle with liquid film 
surrounding it 
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A mass transfer coefficient, k^, is defined by 
R = k^a(Cb - Cq) , (2.1) 
where R is the mass transfer rate per unit volume of matrix, 
3 
moles/cm -sec, the substrate concentration in the solution 
3 bulk, moles/cm , the concentration at the exterior surface 
of the catalyst particle, and a the outside surface area per 
2 3 
unit volume of catalyst, cm /cm . For ordinary Pick diffusion, 
we also have 
R = —a Dg , (2.2) 
where is the diffusivity of the substrate in the liquid 
2 film, cm /sec, and S is the distance coordinate along which 
the substrate molecule diffuses, cm. With the steady state 
assumption, we can say the concentration profile is linear; 
thus, solving for k^^; 
k^ = Dg/Ô . (2.3) 
When the liquid film resistance is controlling, can be 
assumed negligible, and the reaction rate becomes 
R = ( a ) Cj^ • (2.4) 
According to Equation 2.4, the reaction rate at a prescribed 
bulk concentration, C^, should be inversely proportional to 
the film thickness. By varying the liquid flowrate, the film 
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thickness is changed, and correspondingly, the reaction rate 
should be affected. 
Another way of evaluating the film resistance effect is 
by determining the reaction rate order. Equation 2.4 predicts 
a first order reaction rate if indeed the film resistance is 
controlling. 
Empirical correlations 
For fluid flow in a packed bed average transport co­
efficients between the bulk stream and the particle surface 
can be correlated in terms of dimensionless groups which 
describe the flow conditions. For mass transfer the group 
k^p/G is a function of the Reynolds' number d^G/w and the 
Schmidt number y/pD^. A type of plot widely used to correlate 
experimental mass transfer data is that of vs d^G/p, where 
jo = ^   ^(V) 
dp is particle diameter, cm 
G is mass velocity based on total (superficial) 
2 
cross-sectional area of reactor, g/cm -sec 
U is viscosity of fluid, poise 
3 p is density of fluid, g/cm . 
This plot was first suggested by Chilton and Colburn (34) in 
1934. Other similar correlations are given by Carberry (35) 
and Bradshaw and Bennett (36). 
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An interesting study was done by Wilson and Geankoplis 
(37), who study external mass transfer in packed beds at low 
particle Reynolds number (the usual case for immobilized 
enzyme reactors). For 0.0016 < Re < 55 they were able to 
P 
correlate from experimental results the mass transfer 
coefficient, k^. Utilizing these correlations. Ford, Lambert, 
Cohen, and Chambers (3), developed the following equation; 
6  k ,  C.  6 . 54  
R=-^- (2.6) 
P 
R, Dg, G, C^, dp, p defined as above, 
e is external void fraction, dimensionless. 
From this expression one would expect for a liquid film 
controlled reaction the reaction rate to increase as the flow 
1/3 
rate is increased, since R is proportional to G ' . To find 
the regime where external diffusion is unimportant, one should 
have only to increase the mass velocity until the reaction 
rate is unaffected by the increase in velocity. Reactors 
operated at fluid velocities in excess of the minimum flow 
rate at which the reaction rate is unchanged, would thus be 
unhindered by external diffusional influence. 
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C. Internal Resistance (Simultaneous Pore 
Diffusion and Enzymatic Reaction) 
To account for internal diffusion and chemical reaction 
resistance, it is standard chemical engineering practice to 
use effectiveness factors. The effectiveness factor, E, is 
defined as: 
g _ actual overall reaction rate ^ 
rate if intraparticle reactant concentration is 
everywhere identical to that of particle exterior 
Analyses using such factors are extensively presented in the 
literature. Thiele (38) and later Aris (39) consider the 
effectiveness factor as a function of the diffusional-kinetic 
modulus, Lp f in analyzing m^^ order reactions, 
where C is the average outside concentration during the 
progress of the reaction, m is the reaction order, is one-
half the size of the average particle, and D^^g is the 
effective diffusivity in the catalyst and is defined by 
Denbigh (40) as D^ e^/t where is the diffusivity of sub­
strate in the pore, is the internal particle porosity and x 
is the tortuosity factor. Roberts and Satterfield (41) use 
2 the modulus (Lp/D^^g) «ipplying in the case of 
Langmuir-Hinshelwood kinetics, which is formally identical to 
Michaelis-Menten kinetics with which the present study is 
concerned. Here, (-r^) is the observed rate of reaction per 
unit volume of catalyst, and is the substrate concentration 
on the particle exterior. Krasuk and Smith (42) consider a 
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Langmuir-type rate equation describing surface diffusion and 
solve for the effectiveness factor as a function of the modulus, 
a/l/(l+V) , where a and are defined as given in their paper. 
It is noteworthy that the latter modulus does not involve a 
concentration term, whereas the former two do. In a similar 
treatment the attempt is made to isolate the modulus in such a 
way for our case that the concentration terra is isolated and 
included in a reaction parameter, instead. 
i.* Rectangular geometry case 
For membranous materials and porous particles whose pores 
do not penetrate deeply toward the center, rectangular geometry 
can be used to describe the parallel resistances of pore dif­
fusion and enzymatic reaction at the pore wall. A simple model 
can be used to describe this phenomenon. A single pore of 
radius, r^, and length, L^, with outside substrate concentra­
tion, CQ, is pictured in Figure 3. Assuming Michaelis-Menten 
kinetics hold for an enzyme attached chemically to a solid 
surface, the Michaelis-Menten expression for a single substrate, 
uninhibited reaction is; 
d C  _ k ' e ' C  / o i N  
" Ht " K' + C ' (2.7) 
m 
where k' and are the reaction velocity constant and local 
Michaelis constant for the enzyme attached to the porous 
matrix, respectively, and e' is the amount of enzyme attached 
per unit volume of matrix. It is important to note that 
28 
— M 
y  
Figure 3. Representation of ideal catalyst pore 
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for the immobilized enzyme and for the free enzyme are not 
necessarily the same. Since active sites can be sterically 
altered or blocked due to enzyme immobilization, as explained 
earlier, the value of the enzyme is affected. Performing 
a steady state mass balance on substrate within the pore yields 
j2p 2kq „ 
—2 ~ F~IT ^ (2.8) 
dZ^ ^p'^p Km + c 
where kg is a velocity constant based on surface area and is 
directly related to k'e'. D^, as given earlier, is the dif­
fus ivity of substrate in the pore. 
The ideal situation involving straight cylindrical pores 
is far from the real one. Instead, the porous particle con­
sists of many irregularly shaped and perhaps interconnected 
pores. In this case. Equation 2.8 can be modified to yield 
the following expression: 
where 
. _ . internal surface area 
V S unit vol. of catalyst ' 
and Dggg is the effective diffusivity which has been defined 
previously. Equation 2.9 can be normalized to give: 
^ = 0 ' (2.10) 
dx"^ P ^ y 
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where 
x = 2- , y = ^  , 
0 is the diffusional-kinetic modulus, L^/k^/), and 
3 is the reaction parameter, 
The boundary conditions of Equation 2.10 are 
X = 0 , y = 1 
X = 1 , dy/dx = 0 (2.11) 
Two limiting cases are possible. When 0 becomes very large 
the reaction at enzymatic sites is first order and Equation 
2.10 becomes 
^ - jaf^y = 0 . (0 + =) (2.12) 
dx 
Solving Equation 2.12 with boundary conditions 2 11, we 
obtain: 
y = ^ Kg, (e^* + e^^ e ^ *) . (2.13) 
1 + 
When 0 is negligible, the reaction is zero order and the 
limiting equation to be solved is, 
2 
3-Z - = 0 . (0 + ») (2.14) 
dx^ 
Since the rate of a zero order reaction will show discontinuity 
when the reaction has gone to completion (C = 0), we must 
define an extinction length, x^, which is the normalized 
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distance along the pore at which the concentration of sub­
strate amount becomes zero. Thus, Equation 2.14 is solved with 
the boundary conditions; 
X = 0 , y = 1 
X = Xe , y  -  0 (2.15) 
The resulting solution is : 
X - X 
y  =  — — —  ( 0 ^ 3  X  x ^  -  2 )  f o r  0  <  x  <  x ^  
e 
y = 0 for X < X 
e — 
(2.16) 
The above results are used in the following expression to 
solve for the effectiveness factor; 
f^P 
K' + C dZ 
E = m = (3 + 1) 
K' + C. dZ 
(j-fr' ax (2.17) 
m 
or, 
n fdC. 
eff^dZ^ Z=0 _-(e + 1) ,d 
dZ 
(2.18) 
x=0 
In the first order case, Thiele's modulus and the one we have 
proposed are identical, and since the 3 term does not appear 
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in the first order limiting equation, the solutions are the 
same, namely, 
E = tanh . (6 + «) (2.19) 
For zero order enzymatic reactions, the following asymptotic 
solutions were found: 
j2f < /27ë 
( 2 . 2 0 )  
0 > rîji 
The latter were also found by Wheeler (43), 
The asymptotic solutions are compared in Figure 4 with 
the numerical solutions found by solving Equation 2.10 to 
find y = y(x) and integrating Equation 2.17 to yield E = E(p,g). 
Dr. Yoon Y. Lee of this university was responsible for these 
calculations. Some interesting observations are noted. First, 
it is recognized that the zero order asymptotes shift to the 
left as g increases which is understandable upon inspection 
of Equation 2.20. Such solutions very closely approximate the 
numerical solutions at least up to 3 = 1. Likewise, the first 
order asymptote (6 ^ M) resembles quite accurately the 
numerical solution for 3 = 10. The plot matches well with 
that found by Krasuk and Smith (42) who used the same type of 
modulus, but based theirs on surface diffusion kinetics. 
E =« 
Figure 4. Effectiveness factor chart for rectangular geometry, Michaelis-Menten 
kinetics 
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The usefulness of such a plot cannot be overemphasized. 
0 is independent of concentration and its value can be assigned 
to a certain sized immobilized enzyme regardless of the con­
centration conditions. Of course, in specifying the 0 value 
of the bound enzyme, such reaction conditions as pH and 
temperature and the kind of substrate must be stated. Once 0 
has been determined, it is a simple matter to locate the 
particular 3 asymptote and determine E. For most Michaelis-
-4 -1 
Menten type reactions K^' should be 10 to 10 M, so that 
for highly concentrated reacting solutions (1-lOM), 3 is less 
than 1. 
From effectiveness factor calculations it is possible to 
predict the reaction rate, particularly for an internal 
resistance controlled reaction. If film resistance is 
negligible, then and are approximately equal and the 
following overall rate expression should hold: 
dC. C 
dt" = B ky Y ' (2.21) 
where y is the volume of catalyst per unit volume of reacting 
solution. 
For the limiting cases of zero order and first order 
reaction rates at enzymatic sites in the porous catalysts, 
we can predict the overall reaction rate and reaction order, m. 
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For zero order enzymatic reactions. Equation 2.21 reduces 
to the following; 
dC, 
- = kyY , m = 0 0 < /27F (2.22) 
- — g— /2k^g^£ /Cjj , m = 1/2 0 > /i/3 (2.23) 
P 
For first order enzymatic reactions, 
- ^  = -f" ^  (^)Cb ' m = 1 . (2.24) 
Equations 2,22, 2.23, and 2.24 predict that the overall 
reaction behaves as a zero, half, and first order reaction, 
respectively. It is interesting to note that due to the 
interference of the diffusional process, a zero order reaction 
on solid surface should behave as an overall half order 
reaction when j? > /2/g. 
2^. Spherical geometry case 
Although few catalysts are truly spherical, an analysis 
assuming spherical geometry is usually adequate in describing 
the reaction and pore diffusion effects in a particle where 
the pores extend into the center of the porous matrix. As in 
the rectangular geometry instance, assuming chemical reaction 
of Michaelis-Menten type at the pore wall, the following 
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d^C . 2 dC ky , c ) . 0 . (2.25) 
differential equation can be derived for spherical particles: 
f C
The boundary conditions are 
r = R, C = C 
o 
dc 
r = 0, = 0 . 
In dimensionless form, the equations become 
 ^i ^  ° (2.27) 
p = 1, y = 1 
p = 0, = 0 
( 2 . 2 6 )  
( 2 . 2 8 )  
ky 
where P = R and 0^ = r 
The equations for zero order and first order reactions are, 
respectively, 
^ + I ^  - jïp e = 0. (3-^0) (2.29) 
dp^ P cip R 
2 
——^ - Jïp y = 0. (3 "^ °°) (2.30) 
dp P ^ 
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The solutions, according to Wheeler (43), for the first order 
case, and Weekman and Gorring (44), for the zero order case are: 
E = I- (r—c-a i-) 8-0 (2.31) 
l»R 1 
E =X B 00 (2.32) 
1-Pg f 0^ > /67F 
where is defined by 
0I 3 = T 5- • (2.33) 
^ (1-Pe) I^l+Pe^-Pe^ 
The general numerical solutions are solved using the equality, 
p = 1-p, such that the effectiveness factor is given by, 
1 
E = 3(3+1) I (1-P)2 dp (2.34) 
or 
E = "3^9+1) (^)_ (2.35) 
|afj^3 dp p=0 
Dr. Lee also solved for the effectiveness factor for the 
spherical case and a plot of effectiveness factor versus at 
various 3 values is given in Figure 5. As with the rectangular 
Figure 5. Effectiveness factor chart for spherical geometry, Michaelis-Menten 
kinetics 
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geometry case, the zero order asymptotic solutions closely 
approximate the general numerical solutions up to 3 = 1. 
Again, the plots agree with those of Krasuk and Smith. 
For an immobilized enzyme reaction which is internal 
resistance controlled, the following reaction rates are pre­
dicted for the limiting cases of zero order and first order 
reaction rates at enzymatic sites in the porous spherical 
catalysts. 
Zero order: 
dC. 
- = ky Y , m = 0 (2.36) 
- = (l-p^)ky Y, m < J > /6/g (2.37) 
First order: 
^ (tanh 0^ -  ' m - 1. (2.38) 
Unlike the rectangular geometry case, a reaction order less 
than one-half is predicted for an enzymatic reaction behaving 
as zero order at local sites within the catalyst where 0^ > 
/6/Ù, This conclusion is drawn from observing how E varies 
with g at constant 0, As p becomes larger the reaction order 
increases and gradually approaches half order. This phenomenon 
is due to the nature of the spherical geometry used in 
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describing the simultaneous pore diffusion and enzymatic 
reaction within the porous catalyst. 
D. Combined External and Internal Resistances 
In the case where both resistances of film diffusion and 
internal pore diffusion and reaction contribute significantly 
to the reaction rate, an analysis can be made to predict the 
rate of reaction. At steady state we can say: 
C 
"m "o 
R = kyatC^ - Cq) = E ky y * (2.39) 
Solving for C^, we find; 
-(w - C. ) + /(w - C.) ^ + 4 K'C, 
ÏELE , (2.40) 
where 
Ek Y 
w = Km + E-2-
Since E is a function of 0 and 3, and 3 = it is apparent 
that Equation 2.40 must be solved by trial and error by first 
assuming (less than which is known), calculating 
numerically the value of E, and then plugging into the latter 
Equation 2.40 to see if is the same as that assumed. Once 
a convergent solution for is found, the value is used in 
Equation 2.39 to find the reaction rate. 
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E. Mathematical Models for a Packed-Bed Chemical Reactor 
with Simultaneous Heat and Mass Transfer 
In order to predict the concentration and temperature 
profiles in a packed column, it is necessary that some 
mathematical model be proposed which accurately, yet 
practically, describes the behavior of the system. In this 
analysis, steady state operation will be assumed, so that no 
transient terms will be present in the model. A host of 
literature is available which encompasses the realm of fixed 
bed reactors, including an excellent synopsis by Paris and 
Stevens (45) of the state of the art up to 1970, for the 
different types of proposed models, their sophistication and 
their practicality. 
For flow in a packed column, the general case is con­
sidered for heat and mass transfer in both axial and radial 
directions where the transport is the result of superposition 
of two processes: a convective flow and a diffusive flow 
following Pick's law of diffusion. 
- div(uC) - div (- D grad C) + = 0 (2.41) 
- div(upCpT) - div(- D' grad T) + Rj^ = 0 . (2.42) 
The first terms on the left sides are convective flow terms 
and the second are diffusive terms. and R^ are source 
terms expressing the consumption of mass and generation of 
heat by reactant. 
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In modeling the packed bed with differential equations, 
the basic assumption is made that is possible to define an 
elementary volume of uniform concentration and temperature. 
and within this volume there exists a large number of catalyst 
pellets. Since the pellets are of finite size and the dif­
ferential volume is of infinitesimally small size, there is a 
contradiction. In light of this, certain theories based on 
idealized models have been developed which do not require the 
above assumption. The most popular one is the mixing-cell 
theory. 
If the diffusion term is neglected in Equation 2.41, the 
equation reduces to 
This is the equation for a stirred tank reactor when the 
residence time vanishes. In other words, a tubular reactor 
becomes a continuous stirred tank reactor in the limit as the 
residence time approaches zero. The analogy can therefore be 
developed for a tubular reactor and a finite series of stirred 
tanks, thus bringing forth a strong investigative tool. 
Deans and Lapidus (46) extended this to a two-dimensional 
case where a network of mixing cells exists and each cell can 
# 
div(uC) = (2.43) 
For the unidimensional case with constant velocity 
(2.44) 
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be represented as a stirred tank of residence time (d^/u). In 
order to approximate the geometric distribution of particles 
in a packed column, they considered the column to be divided 
into layers of compartments, where the compartments are to 
represent the void spaces in the packing, and the layers 
proceed in the longitudinal direction. The arrangement is such 
that compartments in preceding and succeeding layers overlap 
those in the middle layer, in the same fashion as bricks are 
layed on top of each other. Since flow is in the longitudinal 
direction, the inlet streams to a particular cell are from 
those two above it and the exit streams proceed to the two 
cells below. The computational process involved in solving 
the array of mixing cell equations is somewhat complicated and 
involves a great deal of computer time. 
The usual modeling of packed columns is performed using 
more simplified versions of the differential equations, 2.41 
and 2.42. Angular symmetry and no radial velocity components 
are usually first assumed. Also, if the axial velocity is 
assumed constant and the radial and axial diffusion terms do 
not vary with respect to their respective distance coordinates 
we can write: 
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' (2.46) 
It has been verified experimentally by Schwartz and Smith (47) 
that axial velocities do not vary significantly with radial 
position in packed beds. The typical profile is flat across 
the width of the column with a fluctuation of increased 
velocity about one particle diameter from the tube wall, and 
then a decrease to zero at the wall. The assumption of a flat 
velocity profile is justified when the tube diameter to 
particle diameter ratio is greater than 30/ according to their 
findings. 
Adiabatically operated reactor 
For thermal gradients to exist in the radial direction, 
a velocity gradient must exist and/or heat exchange through 
the tube wall must occur. If a packed column is operated 
adiabatically (or at least with no significant amount of heat 
exchange with the surroundings), and if a flat velocity pro­
file is assumed, then the formation of any thermal gradient 
is nonexistent. In retrospect, the only way that radial 
concentration gradients can develop is through the existence 
of a thermal gradient and/or velocity gradient. Thus, for 
practical purposes and good reasoning, it is justified to 
disregard the radial diffusion and convection terms in 
Equations 2.45 and 2.46, and we have: 
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* # + »L ^  = 0 (2.47) 
(2.48) 
where u is the interstitial velocity, and p and are the 
density and heat capacity of the fluid. Heat conduction in an 
insulating material such as porous glass is regarded as 
negligible. and D^' are mass dispersion and heat dispersion 
coefficients, respectively, and generally represent both 
molecular and turbulent diffusion. On the assumption that 
turbulent diffusion predominates over molecular and that heat 
is dispersed axially by the same mechanism as mass dispersion 
(Bernard and Wilhelm, 48) , we can say, Dj^' = pCpDj^. 
Taking the above into account and putting Equation 2.47 
and 2.48 in dimensionless form, we have: 
(2.49) 
(2.50) 
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C m r 
where C* = T* = S, = and are the reactor 
inlet concentration and temperature, respectively, d^ is the 
particle diameter and L is the length of the reactor. Pe^^ is 
the Peclet number and is defined as; 
ud 
Pe^ = 5^ . (2.51) 
L 
The Peclet number is used often to describe the extent of 
axial dispersion in a packed column. For no dispersion, 
PBJ^ ^ 0° and true plug flow is achieved. For Pe^ = 0, complete 
dispersion results, and the packed column approaches that of a 
continuous stirred reactor. 
Many studies have been done examining the effects of 
longitudinal mixing in fixed beds. For high Reynolds numbers, 
Aris and Amundson (49) derived that the axial Peclet number 
should be 2, at least for gaseous systems. Wilhelm (50) 
compiled data on experimentally determined Pe^^ values, and 
while Peclet numbers for gases were about 2, liquids displayed 
lower numbers near 0.3-0.8. The discrepancy, according to 
Wilhelm, is due in part to a Taylor axial diffusion mechanism 
which arises from a coupling of a velocity distribution with 
radial diffusion effects to give an effective axial dispersion. 
Carberry and Wendel (51) solved the computer model for 
a first order reaction in a fixed bed with interparticle heat 
and mass transport and axial dispersion, and concluded for 
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Pe- = 2 that the influence of the latter upon conversion Jj 
appeared to be negligible so long as the bed depth is greater 
than about 50 particle diameters. While this might be true at 
this Peclet number^ one can speculate that the conversion might 
be significantly affected at lower Peclet numbers. 
Equations 2.47 and 2.48 are used in modeling an 
adiabatically operated packed column of immobilized enzyme. 
It will be assumed in this model that the reaction is internal 
resistance controlled and that the immobilized enzyme is so 
packed that little channeling at the wall occurs. The equations 
to be solved are; 
(-AH) is the heat of reaction for the particular enzymatic 
reaction occurring. Upon normalization, the equations become: 
F. Modeling of a Packed-Bed Immobilized 
Enzyme Reactor 
(2.52) 
(2.53) 
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A„y(-ah) 
PC if - (H ar + (5%T)=o (2.55) 
'L  dZ" 
where C* = C^/Cy^, T* = T/T^, & = S/L, and a = The 
boundary conditions according to Wehner and Wilhelm (52) are 
' = If .+ = ®®L 'r' (c*lo+ " 
0 p 
(2.56) 
& = 1' ar" - °' 
and 
^ ar 
= Pe, (^) (T*| - 1) 
0+ ^'3;; „ 1+ 
(2.57) 
. = 1, Ip.o 
An explicit marching technique using the 4^^ order Runge-
Kutta method (53) was used Xii solving Equations 2.54 and 2.55. 
An initial guess for the concentration gradient was made and 
from this an initial temperature gradient was computed. It 
was found that for very small changes in the gradient, the 
concentrations and temperatures computed along the reactor 
length diverged to very large positive or negative values. 
Upon investigation into the literature, it was found that 
stability difficulties have been encountered by various authors 
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for fixed bed reactors and, according to Lee (54) the problem 
appears to be caused by the explicit marching technique. Coste, 
Rudd and Amundson (55) encountered the same stability problem 
with a simple first order exothermic reaction. Using the Gill 
modification of the Runge-Kutta technique, they found that 
there were no values of the gradients which would produce 
finite solutions. A change of a single unit in the sixth 
significant figure in the inlet gradient made the solution 
change from large positive to large negative values. In order 
to avoid these stability problems, the finite difference 
integration method is to be used and the differential equations 
should be linearized so that a convergent solution is more 
forthcoming. 
Before looking at the method for solution of the equations 
involving axial dispersion of heat and mass, the extreme con­
dition of plug flow (Pe^ -+ ") should be analyzed and used in 
comparing with solutions to the differential equations involving 
different degrees of dispersion as determined by the Peclet 
number. If one disregards the axial dispersion terms in 
Equations 2.54 and 2.55, the following equations result: 
p bi p 
(2.58) 
(2.59) 
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with boundary conditions, 
& = 0, C* = 1 (2.60) 
& = 0, T* = 1 (2.61) 
The equations are easily solved using the Runge-Kutta, 4*"*^ 
order, technique, and their solutions will be compared with 
those of the dispersion model. 
1^. Method of solution for differential equations involving 
dispersed flow 
In solving the dispersion equations, Lee (54) suggests 
the method of quasilinearization be employed whereby the 
equations are first linearized using the generalized Newton-
Raphson technique. Just as the latter is used in finding roots 
to algebraic equations the technique can be also used in 
determining convergent solutions to a set of differential 
equations. Suppose, for example, the following nonlinear 
second-order differential equation is considered: 
d^x 2-4= x"(t) = f(x(t),t) (2.62) 
dt^ 
with boundary conditions 
x(0) = C^, x(tg) = Cg 0 1 t 1 tg (2.63) 
If a reasonable initial approximation is chosen, say x^{t), 
the function f can be expanded around x^Ct) by use of the 
Taylor series 
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x" (t) = f(x(t),t) = f(xQ(t),t) + (x(t)-x^ (t) ) (x^(t) ,t) (2.64) 
o 
with second- and higher-order terras omitted. The expression 
f represents partial differentiation of f with respect to x^. 
o 
Equation 2.64 is a linear differential equation but its 
coefficients are variable and change with t. If the solution 
to this equation is found and called x^(t), a similar relation 
can be written to find Xgtt): 
x^(t) = f(x^(t)^t) + (Xgft) - x^(t))f^ (x^(t),t) (2.65) 
Assuming that the problem converges, one can use the 
general recurrence relation to solve for x^^^(t) until the 
last and previous solutions agree to within an acceptable 
tolerance : 
x^^l(t) = f(x^(t),t) + -x^(t) ) f^ (x^(t),t) (2.66) 
An interesting point concerning the use of this particular 
technique is that the rate of convergence is quadratic, as 
shown by Lee. If the iteration converges, the error in the 
(n+l)st iteration tends to be proportional to the square of 
the error in the nth iteration. Such a condition insures 
rapid convergence if indeed a convergent solution exists. 
If a nonlinear second order differential equation takes 
the form. 
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x"(t) = f(x'(t),x(t),t), (2.67) 
with boundary conditions 2.63, the same treatment as before 
can be applied, namely, 
Sf (x' (t) ,x^ (t) ,t) 
x"(t) = f(x^(t),x^(t),t) + (x'(t)-x^(t)) ° ° 
9x^(t) 
3f(x'(t),x (t),t) 
+ (x(t)-x^(t)) IfTET • (2.68) 
From this, the recurrence relation is written: 
+ (Xn+1 - '"n' C) (2-69) 
n 
In the solution of two simultaneous differential solutions, 
the problem is set up in an analogous fashion. Suppose there 
is the following set of differential equations to be solved: 
d X _ 2_ 
x"(t) = f(x'(t),x(t),y'(t),y(t),t) (2.70) 
dt" 
2 
É_Z=y"(t) = g(x'(t),x(t),y'(t),y(t),t) (2.71) 
dt"^ 
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The recurrence relations become 
+  ( x A + i - x A ' f x ^ ' . X n ' t ) . y ^ c t ) , t )  
+ '*n+l-V^x K(t).x„(t),yi(t),y„(t),t) 
n 
+ (yA+i-yA'fy .(*A(t)'*n(t)'yA't).yn(t)'t) 
•'n' 
+ (yn+l'^n^fy ,x^(t) ,y^, (t) ^y^^Ct) ,t) . (2.72) 
n 
and 
ïn+l - gt='A(t),x„(t),y^(t),y^(t),t) 
+ .yA't) 'yn(t) '») 
+ '"n+l-V^x K(t),x„(t),y^(t),y^(t),t) 
n 
+ <yA+rïA'9y ,K<t).x„(t),y^(t),y„(t),t) 
n 
+ (yn+l'^n^Sy ,Xy^(t) ,y^(t) ,y^(t) ,t) (2.73) 
Referring to Equations 2.54 and 2.55, the following expressions 
can be written; 
° If + 3;% A"*" 
(2 .74)  
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4'%' = g(c%T..|p, . 
<a->af - 'u^"' A(T»)E(C*,T«) (^) 
P  p i p  
(2.75) 
where k„ = k„ A(T*). A(T*) is the activity of the enzyme at 
ref 
the dimensionless temperature, T*, and is a fraction of that at 
the reference temperature, ^ j-ef* setting up the recurrence 
relations, we have 
0 dC* 
+ (C* -, - C*) 
dC* 
c;, TJ) 
"n+1 "'n' 
dC* 
3f (a#, C*, T*) 
+ (^;+l - 3T* (2.76) 
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and, 
Pe, g(c;, + ( d& 
dT* 
df) 
39(C*, 
dT 
n 
d&* T.) 
ag(C* 
dT» 
n' ai TJ) 
3T* 
n 
dT* 
3g(C*, T*) 
+ <%1 - ^âcf <2-"' 
It is noted that C* e C*(£) and T* = T*(&). Evaluating the 
partial derivatives, we have, 
-4&-- = §- (2-'8) 
2 
^  ^  C *  S E ( C * . T * )  
n 
(2.79) 
L^k V Y 
ref 
•^p " =bi n 
3E(C*,T*) 3A(T*) 
n 
(2.80) 
Cbi(-AH) 
P c. 
9f 
9C* 
(2.81) 
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ifT - Ti p Cp 
3f 
3T* 
n 
(2.82) 
Since E(C*,T*) =E(j2fj^,B) = a/C*), we can 
evaluate the partial derivatives of the effectiveness factor 
with respect to C* and T*, by the derived relationships: 
3E(CJ,TJ) 
Sc* 
n 
-a 
c* 33 
(2.83) 
0=const. 
3E(C*,T*) 
n n 
arj 
n 
, e )  
"5F ^2A(T*) ar* (2.84) 
6=const. 
Because the explicit marching integration technique 
appears to cause instability in solving such second order 
systems, the finite difference method will be used to solve 
Equations 2.76 and 2.77 with the following boundary conditions 
Z  =  0 ,  ac%+i 
•3rr 0+ 
= p*L(a-)(Ch+il -1) 
0+ 
dC*.i 
(2.85) 
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& = 0, 
0+ 
1) 
dT*.^ 
^ = 1' -dr= 0- ( 2 . 8 6 )  
Writing Equation 2.76 in finite difference form: 
Fe_Ax p  
'^n+l^^k)] 
2 
^ c*(%k) 
a-5-g-A(T.(y)E(c«(ii^),i;(y) (bscttt^i 
n Jlk n Sik 
0 . (2.87) 
Equation 2.87 takes the form; 
^ ^ n+l^^k-l^+^k Cn+i(&k)+b ^n+1 "'"^k'^n+l "'"^Ik ° 
k = 1,2,...,N ( 2 . 8 8 )  
where, 
d = 
Pe^AA' 
b = 
Pe^A& 
.L , 1 
"P 
2 " td") 3T 
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= 
- 2  
Pe^AA p 
3f 
,  k  =  2 , 3 , . . . , N - 2  
&k 
3f 
^k - - âr? 
n Jlk 
,  k  =  1 , 2 , . . . , N - 1  
^ ^ C* (A ) 
=lk = -d A(T;(«k)IB(c;{*k),Tg(lk),(a+S.(% )) 
p DX n K 
A k  
,  k  —  2 , 3 , . . . , N " 1 .  
In analogous fashion, writing Equation 2.77 in finite 
difference form: 
Pe^A2 p AA 
- "^S+i'Vi 
L ky Y(-AH) C*(£ ) 
+ d u a(T:(tk))E(C%(%k),T%(%k))(a+2*(% ) 
p 1 p n k 
+(Cn+i(&k)-C*(&k))' g|| + (T&+i(*k)"Tn(&k))' arY 
n Ak 
(2, 
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Equation 2.89 takes the form: 
Tg+l'tk-l'+Sk T:+l<*k)+b C:+l(*k)+C2k = 0 
k — l*2f***N (2.90) 
where, 
d and b are previously defined. 
®k = - 2  
Pe^A& 
7 *  'a^' & + % 
Ak 
f k — 2f3f#..fN"2 
^k ~ I » k = lf2,...,N—1 
(%(%%) 
<=2k ° d C u A(T; ( ) B (c; .T; (k , 
p X p n j> 
" c;(&k) fc^ 
n 
- T* 
Ak 
S<V ' k = 2,3 N-1. 
The boundary conditions in finite difference form are: 
^ AML/dp)Pe^ + C%+l(%l) 
c:+i(*o) 1 + AA(L/dp)PeL 
(2.91) 
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4ML/dp)Pej, + 
1 + ii(L/d )Pej_ 
= •'S+l'S-l' (2.92) 
Because of the boundary conditions, a^, °ii' °21' 
and eQ_^ must be evaluated. Substituting the boundary 
conditions into Equations 2.88 and 2.90, we obtain: 
=1 = \ 
k-l * 1 + AML/a IPe^ 
°11 " =lk 
k—1 1 + it(L/a )Pej_ 
®1 = ®k 
,=1 * X + it(L/dp)Pej_ 
"^21 " "^2k 
1 + AilL/d )Pe, 
P L 
^ k=N-l * " 
®N-1 " ®k + b 
k=N-l 
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Putting Equations 2.88 and 2.90 in matrix form, we have; 
where, 
âi ç;+i + il %+i + Si = 0 (2.93) 
è2 îî+1 + §2 + Gz = 0, (2.94) 
^2 b 
d ag b 
*N-2 
*N-1 
(2.95) 
è2 = 
ei b 
d e2 b 
d 63 b 
^ ®N-2 ^ 
d e N-1 -I 
( 2 . 9 6 )  
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N-2 
"N-l 
N-2 
N-l 
(2.97) 
(2.98) 
'1,1 '2,1 
1,2 
'l,N-2 
G2 = 
2 , 2  
'2,N-2 
(2.99) 
and 
(2.100) 
"1,N-1 '2,N-l 
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Cn+l(&N-l) 
T* 
—n+1 
, and 
•^ï+l"2> 
(2.101) 
and 
(2.102) 
"^n+l^^N-l^ 
Equations 2.9 3 and 2.94 are coupled and thus need to be solved 
simultaneously. To simplify calculations, the vectors 
and in the second terms of the equations will be 
approximated by T* and C*, and the vector expressions become 
Ô1 sA+i = -'SiîS + Si) = Si (2-103) 
&2 SS+1 = -<B2SJ + Sj) = SJ (2.104) 
Since the above matrix equations form a set of linear algebraic 
equations, the system can be solved by matrix inversion. For 
the special case of and being tridiagonal matrices, a 
method developed by Thomas can be used to solve the equations 
( 5 6 )  .  
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To obtain the following substitutions are made: 
Pi = H  '  ci,i/Pi 
P2 = ®2 " db/Pi 92 = (Ci,2 " d9l)/P2 
Pj = aj - db/p; gj = (CI 2 - dg^j/pj 
• • • • 
• • • • 
• • • • 
PN-1 ^N=l ~ ^ ^/PN-2 %-l ^  
^n+l^^N^ ~ %-l 
^n+l^^N-l) ~ %-l 
^n+l^^N-2^ %-2 " Cg+i(&N_i))/PN_2 
Cn+l(&l) " ^1 " C*+i(A2))/Pl 
A £ ( L / d ^ ) P e T  +  C *  ( A , )  
Likewise, for 
91 ®1 ^ ^ 2,l/^l 
92 = ^2 - db/qi hg = (C% 2 " /<Î2 
^3 = ®3 " db/q2 1^3 = (0% 3 - dh2)/q3 
^N-l ~ ®N-1 ~ db/qQ_2 ^N-l "" ^^2,N-1 " ^^N-2^/^N-l 
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^N-1 
^n+l(*N-l) " ^N-1 
~ ^ N-2 " Tn+l(*N-l))/SN-2 
w • 
P L 
The generalized model for dispersed flow in a packed 
column of immobilized enzyme can be set up on any modern 
digital computer and used to predict the concentration and 
temperature profiles. Although our calculations were made 
assuming internal mass resistance controlled reaction, the 
effectiveness factor calculation can be easily changed to take 
into account the external film resistance effect, if indeed 
the latter contributes significantly to the overall resistance. 
The method of calculation is explained in Section D of this 
chapter. 
Computer predictions of concentration and temperature 
profiles in an adiabatically operated column of immobilized 
enzyme (internal mass resistance controlling) 
A computer program was written to solve Equations 2.54 
and 2.55. So that the program may be extended to include such 
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factors as significant film diffusion effect, non-isothermal 
reaction in a single particle, or a different particle geometry, 
the effectiveness factor calculation was made in a separate 
subroutine program. The IBM 360/65 computer was used and for 
an iteration involving 1000 steps, an array area of 144K was 
required. A sample program is listed in Appendix A. 
As a means of comparison, the plug flow calculations were 
made and, because the problem is an initial value one, no 
convergence problems were encountered using the forward 
marching technique by 4th order Runge Kutta method. A sample 
program is listed in Appendix B. 
In the programs, a standard activity-temperature profile 
was used as determined for the immobilized glucoamylase at a 
pH of 4.55. While a more complete description is given in 
Chapter 4, it suffices to say that the curve of activity versus 
temperature is bell-shaped and shows a maximum around 59°C. 
A fourth order polynomial equation was fitted to the curve and 
normalized to give the fraction of activity of that at the 
reference temperature of 55°C. An entering temperature of 
328°K (55°C) is used throughout the analysis, unless otherwise 
stated. 
Many investigations have been done on axial dispersion of 
liquids in packed columns and while the results differ from 
study to study, there is general agreement for particle 
Reynold's numbers in the range 0.02 < Re < 10, a region in 
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which most immobilized enzyme reactions would be carried out. 
As stated earlier, data compiled by Wilhelm indicate a Peclet 
number between 0.3 and 0.8 in this region. Klinkenberg and 
Sjenitzer (57) report Peclet numbers of 0.25-0.50 for disper­
sion of 2 M HNOg in HgO in a packed column containing 70-120 
mesh particles. In our computer predictions a Peclet number 
of 0.5 was used, as this seems to be representative of the 
degree of dispersion that one can expect for liquid flow in a 
packed column operated within the range of particle Reynolds 
number as stated above. 
For the particular dimensionless group values applied in 
testing the program, it was found that for values of (1/Pe^) 
(dp/L) = (D^/uL) less than about 0.001, the program was non-
convergent. This seemed justifiable as the amount of dis­
persion at such a low (D^/uL) value is insignificant, and a 
plug flow condition is being approached. So that the criterion 
of convergence (D^/uL > 0.001) was met, it was necessary that 
(L/dp) be of the order 10^. For this reason, (L/d^) was made 
equal to 1000 in the computer calculations. 
In making effectiveness factor computations at various 
C* and T* values, spherical geometry was assumed for the porous 
particle, and to shorten computer time the zero order 
asymptotic solution was used which is applicable for g 
values less than unity. For values exceeding unity the 
solution is only a rough approximation, and the effectiveness 
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factor subroutine should be changed to find the numerical 
solution, itself, rather than the asymptotic solution. Such a 
calculation would involve extra computer time. Even with the 
asymptotic solution, Equation 2.33 must be solved by trial and 
error to find and may require as much as 0,01 second computer 
time to determine one effectiveness factor. 
In Figure 6, is shown how the concentration and 
temperature profiles converge to a solution which is within a 
certain tolerance of the previous iteration. For this case, 
the condition |C*^^(AQ) - C*(Ajj)| < 0.002 was required for 
convergence. Even with initial guesses of = T^(&^) = 
1.0 for k = 0,1,...,N, the convergence was rapid and took only 
five iterations. At different dimensionless group values the 
number of iterations never exceeded five and usually only four 
were required. The rate of convergence should be quadratic, 
and it is apparent from the plots that this is indeed the case. 
In Figure 7, the diffusional-kinetic modulus, 0^, and 
effectiveness factor, E, are plotted with the concentration 
and temperature profiles at the given conditions. Since 
= R/ky/Dgg^ and k^ = k^ ^A(T*) , varies with the 
temperature and is shown to reach a maximum at 59®C, which is 
expected from the activity-temperature relationship. It is 
interesting to note that the effectiveness factor is almost 
linear with dimensionless distance, but does display a slight 
upward concavity. This is due at least in part to decreasing 
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which tends to increase E. 
The dimensionless groups given in the following figures 
are equal to quantities which might represent many immobilized 
enzyme reactions. The group (L k., y/u C. , ) is a mass 
^ref 
'reaction to convection' ratio and is given the value unity to 
insure a conversion near completion, over the length, L, of the 
reactor. Because of dispersion and internal resistance effects, 
however, this is not accomplished. In comparison, the dimen­
sionless group (-AH) )/Tj^pCp) , an energy 'reaction to 
convection' ratio, is taken lower to indicate that the 
exothermicity of the enzyme reaction is not very high. The 
value of is low since memy enzymes have Michaelis 
constants in the range lO"^ to 10 ^ M amd for initial substrate 
concentrations 0.1 - 1.0 M the quantity, a = 0.01, is justified. 
The immobilized enzyme modulus, was taken arbitrarily as 
30. It would be impossible to construct a generalized chart 
for behavior of immobilized enzyme reactions in packed columns 
because of the many parameters involved, but one can speculate 
how such a reaction might behave by observing the change in 
conversion or temperature due to variation in one parameter 
with the others fixed. 
In Figures 8 and 9, are shown dimensionless concentration 
and temperature profiles at different Pe^ values. At the low 
Peclet number, 10 almost complete backmixing is achieved as 
the concentration is essentially constant throughout the 
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reactor. At this high level of dispersion the packed column 
reactor approaches that of a continuous stirred tank reactor. 
At the other extreme is plug flow which, as expected, gives 
the highest conversion. It is interesting to observe that the 
dispersion effect at Pe^ = 0.1 has decreased the conversion by 
4 percent as compared to that for plug flow. For sake of 
clarity, the curve for Pe^ = 0.5 was omitted as it is almost 
coinciding with the Pe^^ = 0.1 curve. It is produced in Figures 
10 and 11 for (L k^ y/u C .) = 1.0. 
ref 
In these figures, the dimensionless group, (Lk» y/uC. .), 
^ref 
is made to vary from 0.10 to 1.25. Since L and are 
contained in other groups, these should remain fixed, but 
either k^ , y, or u can be changed to notice its effect on 
ref 
the conversion. Because of the dispersion and internal dif­
fusion effects, it is noted that the rate at which conversion 
increases, decreases as the dimensionless group value is 
increased linearly. 
For an increase in the heat of reaction, the temperature 
should rise accordingly and the rate at which the reaction 
proceeds will be governed by the activity-temperature profile. 
In Figures 12 and 13, the group, (C^^(-AH)/T^pCp), was varied 
from 0.005 to 0.05, and as is evident from the concentration 
profile the degree of conversion does not change appreciably 
with a 10-fold increase in the group value. This is chiefly 
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due to the nature of the enzyme reaction. As the temperature 
increases, the reaction rate increases in an Arrhenius manner 
until a temperature is reached where the enzyme attached to the 
porous matrix begins to irreversibly denaturate. The rate 
still increases but at a decreasing rate and proceeds until a 
point is reached where maximum activity is obtained. At higher 
temperatures the denaturation process overrides the Arrhenius 
effect and the enzyme begins to deactivate at an accelerating 
rate with temperature. Finally, the rate of deactivation 
decreases somewhat and the activity profile starts to level off. 
This explains the bell-shaped curve for activity versus 
temperature and how the temperature has two opposing effects 
on the reaction rate. In the analysis, it is assumed that 
deactivation is negligible with time, but in fact this can be 
an important factor in the overall design for the immobilized 
enzyme reactor. This is considered in explaining the results 
that were obtained with immobilized glucoamylase. According 
to the plots, a group value of 0.02 gives the most conversion 
while the temperature increase is about in the middle of the 
range of the values considered. This optimum value is, of 
course, very dependent on the entering fluid temperature and 
the activity-temperature relationship. 
Referring to Figure 14, it is apparent that an entering 
fluid temperature of 332®K gives optimum conversion, but this 
again depends on the stated conditions. The purpose of the 
plot is to show how the entering fluid temperature can be a 
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critical factor in appraising the initial conditions for an 
immobilized enzyme reaction. As shown in the figure, the 
conversion gradually increases for higher temperatures, and 
then, due to the predominating deactivation effect, higher 
temperatures yield lower conversions. 
The Michaelis constant of the immobilized enzyme, is 
made to change in Figures 15 and 16 by varying from 
-4 -1 10 to 10 . At the lowest a value the effectiveness factor 
2 
remains as unity throughout most of conversion since 0 B -
2 fS a/C* < 6, Thus the reaction is very close to zero order, and 
since dispersion should have no effect on a zero order reaction 
rate in a tubular column, the plug flow and dispersed flow 
solutions are the same. With increasing a, the difference 
between the plug flow and dispersed flow solutions becomes more 
apparent. As mentioned earlier, the effect of dispersion on 
the conversion can be rather significant. It is observed that 
at a certain level of conversion, the difference in conversions 
between plug flow and dispersed flow is greater the higher a 
becomes. This is understandable since the reaction becomes 
further removed from zero order, and the rate of reaction 
becomes more dependent on the concentration. Thus, when axial 
dispersion causes the concentration to decrease, the reaction 
rate is more seriously affected. Since the immobilized enzyme 
rate constant, k^, is kept constant, the conversion should 
decrease with increasing K^, which is observed in the 
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concentration plot. Since heat is assumed to be dispersed by 
the same mechanism as mass, and the temperature increase is a 
direct consequence of the substrate conversion, the temperature 
profile is identical in pattern with that of the concentration. 
Finally, in Figures 17 and 18, the diffusional-kinetic 
modulus, is made to vary. Since spherical geometry is 
assumed, at the reference temperature. By definition. 
Because and are contained in other 
groups which are kept constant, is made to vary according 
to a R/1/Dg22" Both R, the particle radius and the 
effective diffusivity are important in contributing to the pore 
diffusion effect and it is obvious that if R is increased or 
Deff decreased, the modulus increases and the resultant con­
version is less. The effect of dispersion is again noted in 
the plots. As in the latter set of plots, the temperature 
profile is identical in pattern for the cited reasons. 
From the preceding graphs, it is apparent that many 
variables contribute to the overall reaction rate. An important 
consideration in evaluating the effect of dispersion in the 
column is the degree of pore diffusion in the solid matrix. If 
the effective diffusivity is quite high, the overall rate will 
be governed by local enzymatic reaction. If is low, a zero 
order rate is approached and the effect of dispersion in the 
column is minimal. However, if the effective diffusity is 
low, the overall reaction rate can approach half order (derived 
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in Section C) and the dispersion effect becomes significant. 
Pore diffusion effects in immobilized enzyme systems have been 
detected by several investigators (2, 58, 59) and have been 
experimentally observed in this study also. If the proposed 
model is correct, a general conclusion can be drawn that 
dispersion should decrease significantly the amount of con­
version if the internal resistance effect is significant. 
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III. EXPERIMENTAL APPARATUS AND PROCEDURE 
A. Materials Used in the Experiments 
Substrates used in the enzymatic reactions were maltose 
monohydrate, chemically pure grade from Baker Chemical Co., 
Phillipsburg, N.J. and 15 DE modified corn starch obtained 
from Grain Processing Corp., Muscatine, Iowa. The maltose 
contained a small amount of glucose (1-5 percent) and a trace 
quantity of maltotriose as determined by the paper chromato­
graphy technique. In working with the particular type of 
reactions involved in the study, very informative discussions 
were carried on with Dr. Dexter French of the Iowa State 
University biochemistry department. A reputed expert in 
carbohydrate chemistry, he was able to suggest references and 
give information pertaining to the enzymes, glucoamylase and 
glucose oxidase. It was in his laboratory where a paper 
chromatograph was done on the Baker maltose. 
The enzyme, glucoamylase of Aspergillus niger was obtained 
as Diazyme of Miles Laboratory, Elkhart, Indiana. In a 
personal correspondence with Mr. William Allen of the Technical 
Services Department of the Marschall Division of Miles 
Laboratories, it was reported that the sample of Diazyme 
Concentrate, Batch No. 214 which we possessed, was an 
industrial grade glucoamylase powder which had been ethanol 
precipitated. In addition to the glucoamylase activity, the 
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enzyme also demonstrated alpha-amylase, cellulase, hemi-
cellulase, pectinase, protease, lipase, and maltase activity, 
but in extremely low activity levels. It was brought out, 
also, that the Diazyme demonstrated significant transglucosidase 
activity. 
The porous glass was either obtained from Electro-
Nucleonics, Inc., Fairfield, N.J. or received directly from 
Corning Glass Works, Corning, N.Y. Commercially the glass is 
known as controlled pore glass, CPG. Supposedly, the pore size 
is regulated to within 10 percent of the stated size. The 
glass bought from Electro-Nucleonics had a reported 680 A° 
pore diameter and the glass received later from Corning Glass 
was 550 A®. Actually, the glass is available in many pore 
diameter sizes and particle sizes ranging from 100 A® to 1000 
A° and 20 to 400 mesh. Glass used in the later parts of this 
research was actually prepared at Corning Glass Works by this 
writer and Dr. Yoon Y. Lee, under the supervision of Mr. Howard 
Weetall of Corning Glass. 
Other materials used in preparing the immobilized enzyme 
and buffers were: y-aminopropyltriethoxysilane and 25% 
glutaraldehyde, Aldrich Chemical Co., Milwaukee, Wise.; 70% 
nitric acid, 99.7% acetic acid, dry acetone, p-nitrobenzoic 
acid, sodium nitrate, 37% hydrochloric acid, sodium dithionite, 
sodium phosphate, monobasic and dibasic, potassium 
hydroxide, anhydrous glucose and 2-amino-2(hydroxymethyl)-1,3, 
propanediol (tris), Baker Chemical Co. 
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B. Preparation of Immobilized Glucoamylase 
Two derivatives were prepared from the raw glass: azo 
glucoamylase and glutaraldehyde glucoamylase. The methods of 
Messing and Weetall (21) were used in preparing the alkylamine-
and arylamine-silane glass products later to be used for enzyme 
coupling. The alkylamine silane glass is made by first clean­
ing the raw glass with 15% HNOg under reflux conditions for 
approximately two hours. The process not only cleans the 
glass but rehydrates the silanol groups on the glass surface. 
Upon drying in an oven at 80®C for 3-4 hours, the glass is 
silanized with a 10% solution of y-aminopropyltriethoxysilane 
in toluene or water. With toluene, reflux conditions are used. 
Aqueous silinization was used in the later stages of the 
research and done at 75*C. Both silinizations require 3-4 
hours for completion of reaction. Upon filtering, cooling, and 
washing with acetone, the alkylamine-silane glass is produced. 
To make the arylamine glass, 10 grams of alkylamine-silane 
glass are placed into a solution containing 1 gram of paranitro 
benzoyl chloride dissolved in 250 ml dry benzene, and the 
mixture is refluxed for at least 60 minutes. The glass is 
filtered, washed with benzene and air dried. Next, the 
nitrated glass is reduced with 5 grams of sodium dithionite in 
500 ml water and refluxed for about one hour. The arylamine 
glass product is filtered and washed with distilled water. 
Both the alkylamine and arylamine products can be stored dry 
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at room temperature. 
A note should be added concerning a recent innovation by 
Corning Glass for improving the pH stability of the enzyme on 
the glass. After the raw glass is cleaned with nitric acid, 
a ZrOg coating is adsorbed onto the glass by a process 
involving a chelating agent prepared by mixing 2, 4 pentane-
dione, tetra-n-propyl zirconate, and benzene in the volumetric 
ratio 1:3:3. To 200 grams of glass dried 8 hours at 145°C, 
about 600 ml of the chelating agent is added, and a vacuum is 
applied to withdraw air from the glass pores. After an hour, 
the glass is dried by forcing a Warm stream of air through the 
mixture. This is done under fluidization conditions with a 
heating tape around a column used to fluidize the glass 
particles. Upon drying, the glass is placed in an oven, about 
500*C, overnight. Upon cooling, the next steps can be carried 
out. The ZrOg coating supposedly keeps the glass from dis­
solving into aqueous solution which is a common occurrence, 
especially at alkaline pH. 
The azo glucoamylase is prepared by placing 10 grams of 
arylamine glass in a flask with aspirator tube and submerged 
in an ice bath. To the glass is added 50 ml IN HCl and 20 ml 
of 2% NaNOg, the latter added dropwise. The flask is evacuated 
for 30 minutes and the glass is removed, filtered, and washed 
with 0.1 M phosphate buffer, pH 7.0. To about 50 ml pH 7.0 
buffer (phosphate) about 400 mg of enzyme is dissolved and 5 
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grams of glass are added. The enzyme coupling reaction is 
allowed to proceed at least 3 hours at 4®C. The glass is 
filtered and washed 5-6 times in a Buchner funnel with 
alternating additions of 6 M urea solution and distilled water. 
The urea is particularly used to remove any free or adsorbed 
enzyme. 
The glutaraldehyde-glucoamylase is made involving fewer 
steps. Five grams of alkylamine glass are placed in a flask 
with aspirator tube and to this is added about 100 ml 2.5% 
glutaraldehyde (25% coiranercial glutaraldehyde diluted 9:1 
with pH 7.0 0.1 M phosphate buffer). The reaction is allowed 
to proceed at room temperature and with the flask evacuated to 
remove air from the glass pores. The rest of the procedure is 
the same as that for the azo derivative. 
C. Analytical Methods 
At the beginning of this research, the polarimeter was 
used to follow the rate of maltose hydrolysis. Morrison (60) 
related the angular rotation to conversion for the reaction of 
maltose to glucose and found that a linear relationship holds. 
Since the angular rotation varies over a rather broad range 
for this reaction (especially at high initial concentrations, 
eg. 0.5 M) measurement with the polarimeter is a fairly 
accurate technique. A typical range for complete conversion 
of a 0.4 M maltose solution (about 14 mg/100 ml) is 20® and 
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the accuracy of the polarimeter is + 0.1®C. A Carl Zeiss 
Circle Polarimeter, Model No. 550197, was used in the experi­
mental work. Ten-milliliter samples were withdrawn from the 
reactor contents, filtered, analyzed, and then returned to the 
reactor. 
More recently, the Beckman Glucose Analyzer was used in 
determining glucose concentrations in samples. It is not only 
more convenient and accurate, but can be used for glucose 
determinations in starch hydrolysis, where the polarimeter is 
no longer applicable. Because of different glucose polymers 
appearing and disappearing in starch conversion, the optical 
activity will not give true indication of the glucose concentra­
tion. The glucose analyzer, however, is supposed to sense only 
the amount of glucose in solution and gives a direct digital 
readout in mg glucose per 100 ml solution. Although the read­
out is from 0 to 1000, the machine is linear only in the region 
0 to 500 mg/100 ml. For more concentrated samples, a dilution 
is required. 
The principle of operation is simple in that a 10 yl 
glucose sample is placed in a sample cup by means of a micro-
syringe. The sample cup contains 1 ml of buffered (pH 5.5) 
glucose oxidase reagent solution maintained at a constant 
temperature of 33®C inside the machine. The reagent is aerated 
so that the reaction glucose + oxygen + gluconic acid + 
hydrogen peroxide is easily catalyzed by the glucose oxidase 
enzyme. An impurity of catalase enzyme in the reagent further 
97 
facilitates the reaction in driving the reaction to the right 
by decomposing the hydrogen peroxide to molecular oxygen and 
water. The rate of consumption of oxygen in the reaction 
is measured by an oxygen electrode in direct contact with the 
reacting solution, and the maximum rate is electronically 
determined to yield a glucose concentration readout. It is 
assumed that the reaction is first order; hence, the initial 
or maximum rate is proportional to the concentration of the 
glucose sample. In calibrating the analyzer, a standard solu­
tion of 150 mg/100 ml was used. 
In first using the analyzer, a severe problem developed. 
Upon assaying a maltose sample for initial glucose content, 
the analyzer indicated 25-40% glucose in the supposedly pure 
maltose. From Dr. French's chromatography studies, the 
maltose had less than 5% glucose impurity and even with ultra 
pure maltose (< 0.2%) supplied by Dr. French, the analyzer gave 
a similar response. Upon inspection of an analysis of 
impurities in the glucose oxidase reagent solution, it was 
learned that the reagent as supplied by Beckman Instruments Co. 
contained significant amounts of maltase and glucoamylase 
impurities. Both enzymes quantitatively convert maltose to 
glucose. Because of the longer lag time in giving a final 
glucose output by the analyzer, it was reasoned that the 
simultaneous reactions of maltose to glucose and glucose to 
gluconic acid and HgOg were being carried out during the 
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analysis. To rectify the situation very pure glucose oxidase 
was purchased (at $60/500 mg from Nutritional Biochemicals 
Corp.) and the amount of maltose hydrolysis was lessened but 
still significant to the extent that about 10-15% of the 
maltose was hydrolyzed. A solution to the problem was to find 
an inhibitor which could be added to the glucose oxidase 
reagent to suppress the glucoamylase and maltase activity, yet 
allow the glucose oxidase to catalyze the glucose oxidation 
reaction. 
Upon consultation with Dr. French, a paper was referred to 
which discusses this very problem. Dahlqvist (61) suggests the 
use of a 1.0 M tris buffer to suppress maltase and glucoamylase 
activity. The buffer can be adjusted to low pH using acetic 
acid. Upon preparation of a glucose oxidase reagent solution 
containing 2 parts original reagent, pH 5.7, to 1 part 1.0 M 
tris buffer, pH 5.7, the amount of maltose hydrolysis in the 
glucose analysis was virtually undetectable. Continued use of 
the modified reagent proved very successful. 
A note should be given here concerning the two forms of 
glucose; a-glucose and g-glucose. Both isomers exist in an 
equilibrated solution in the molecular ratio: a/3 = 37/63. 
In the glucose oxidation reaction, only the 3 isomer is reacted, 
but as long as the a-3 ratio is the same for the calibrating 
solution as the glucose sample, there exists no problem in 
determining true glucose concentrations. According to Bates 
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(62), temperature has little effect on the equilibrium ratio, 
so that it becomes justified to assume the same a-3 ratio at 
any temperature. The only critical factor is allowing enough 
time for freshly prepared maltose and glucose solutions to 
come to equilibrium. At room temperature, at least 5 hours is 
required; however, at elevated temperatures (higher than 50®C) 
only a few minutes are required. 
Maltose in solution has about the same a-3 ratio as 
glucose: a/B = 38/62. Maltose, the dimer of glucose, exists 
in the dry form as pure g-isomer with one water molecule 
attached. Upon mutarotation its specific rotation changes 
from +111.7® to +130.4®. Glucose, on the other hand, exists 
in the dry form as pure o-isomer. When put into solution, its 
specific rotation changes from +112.2® to +52.7®. Because the 
particular isomer ratio is a critical factor for both polari-
metric and glucose analyzer measurements, it is important that 
mutarotation have taken place before the substrate is used in 
a reaction. During reaction at high temperatures, it is 
assumed that the equilibrium ratio is constant even though more 
of one isomeric form may be formed than of another. This 
implies assuming the mutarotation rate is faster than the 
conversion rate. For maltose hydrolysis, the following 
reactions can occur: 
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CH^OH CHgOH CHgOH CHgOH 
(3-glucose 
OH OH 
^-maltose 
CHgOH CHgOH CHgOH CHgOH 
OH OH 
a-maltose p-glucose a-glucose 
It is evident that more 0-glucose is formed; however, with the 
assumptions above, an a-g ratio of 37:63 should prevail. 
D. Immobilized Enzyme Reactors 
1. Reactors used to evaluate mass transfer characteristics of 
immobilized glucoamylase 
To carry out batch reactions with the immobilized gluco­
amylase three different types of reactors were used, two of 
which are shown in Figure 19. A 500 ml air-stirred reactor, 
7 cm internal diameter is pictured in Figure 19a. Air with a 
superficial velocity of 0.21 cm/sec was bubbled into the 
reactor through the sintered glass distributor, and the glass 
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Figure 19. Schematic drawings of air bubble reactor and total 
recirculation packed column 
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was well suspended in the reactor by the air current. Nitrogen 
was also used to stir the enzyme, as deactivation due to oxida­
tion by the air current seemed to have a noticeable effect on 
the enzyme activity. 
In Figure 19b, a small differential column of fixed 
enzyme is shown. The column, 7 cm long and 1.5 cm internal 
diameter was packed with active bound enzyme of about 4 cm in 
height. Operated with total recycle, the substrate was drawn 
through the column with a porous filter located inside the 
reactor to allow only solution to pass through. An actual 
picture of the setup is shown in Figure 20. At sufficiently 
high flowrates, the reaction becomes batch. 
Another batch reactor used was a 250 ml round bottom 
flask containing 100 ml substrate into which immobilized enzyme 
was placed. The mixture was stirred with a Teflon paddle at a 
speed of about 100 rpm. The gentle stirring was necessary to 
avoid breakage of the glass derivative. 
All three reactors were placed into a Haack water bath, 
+ 0.05*C. As shown for the differential column, a reservoir 
was used to store and maintain the substrate solution at 
constant temperature. A Cole Parmer motor, Model No. WZ1R031 
with various pump head sizes (7013, 7014, 7016) was used 
extensively in the experiments of this study. Either tygon or 
silicone tubing was used in the pump heads, the latter giving 
longer wear time. 
Figure 20. Differential packed column of immobilized enzyme 
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a. Determination of mass transfer characteristics of 
immobilized glucoamylase Batch reactions were conducted on 
the fixed enzyme for the determination of temperature and pH 
profiles, Michaelis constants for the free and immobilized 
glucoamylase, film resistance effect, and experimental 
effectiveness factors. 
1 .  Temperature and pH profiles All three batch 
reactors were used to find rate constants at various temperature 
and pH values. Because of initial deactivation at higher 
temperatures, the rate was taken as that when the concentration 
versus time curve became linear. Initial deactivation at 65°C 
lasted about 1 hour, and after this the rate berime constant. 
Profiles were found for the free, azo, and glutaraldehyde 
glucoamylases. 
2. Michaelis constants, K and K ' To determine 
_ m m 
the Michaelis constant for the free enzyme, it was a simple 
matter to follow the rate of reaction at different substrate 
concentrations for a given enzyme concentration. Having found 
the initial reaction rates at various concentrations, the in­
verse initial rate versus the inverse substrate concentration 
is plotted and from the slope and intercept, is determined» 
In finding K^', the immobilized enzyme Michaelis constant, 
1.00 ml quantities of bound enzyme were ground to a <50 micron 
size (negligible pore diffusion resistance) and reacted batch-
wise at various substrate concentrations. The paddle stirred 
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reactor was used. Graphical determination of is the same 
as that for 
2* Film resistance effect The small differential 
column was operated with total recycle and at various flow 
rates, the reaction rates were determined. Such a column is 
useful in testing for external film resistance effects, where 
it is important that thermal and concentration gradients due to 
chemical reaction and dispersion are negligible in the bed. 
Because the film resistance might become significant at 
temperatures where the reaction is faster (internal resistance 
becomes less controlling), the recycle reactor was run at 
different temperatures. A plot of reaction rate versus liquid 
stream flow rate shows the film resistance effect. 
£. Effectiveness factors Porous glass in the 
size range 40-400 mesh was screened and divided into different 
sizes. Particle sizes outside this range were not commercially 
available at the time of the experiments. Batches of 
immobilized glucoamylase were prepared of each screened size, 
and each batch was divided into two equal fractions « One 
fraction was stirred in a beaker with 1/4 inch glass beads 
agitated by a magnetic stirrer and operated long enough for 
breakage of the glass derivative to result in particle sizes 
<50 microns. At this size the effectiveness factor is 1.0 as 
shown experimentally when the 55 micron size particle yielded 
an effectiveness factor - 1.0. Both fractions were reacted 
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batchwise in the air stirred reactor at the initial maltose 
concenorations and initial rates were found. The experimental 
effectiveness factor was calculated as the ratio of initial 
rate of unstirred, immobilized enzyme to that by the stirred, 
immobilized enzyme. Because the concentration change was very 
small, any transient behavior in the pores was regarded as 
negligible. 
i.' Construction and operation of a long packed column for 
determination of concentration and temperature profiles 
Pictured in Figures 21, 22 and 23 are a schematic and 
actual layouts of the immobilized enzyme column constructed for 
experimental determination of concentration and temperature 
profiles. The column, itself, is made of plexiglass, 1-1/2" 
ID, 1-3/4" OD with capability of withstanding temperatures up 
to 70"C without serious deformation. At 9 inch intervals, 
sample withdrawal tubes are located, and rubber septums were 
placed over the tubes to keep the glass and solution from 
flowing out, yet allow penetration by a syringe needle for 
sample removal. Between the sample tubes are located thermistor 
probes, the ends of which were lined up down the axis of the 
tube. Because the bound enzyme becomes inactive upon drying, 
the column had to be packed with the glass in wet form. Glass 
with water was poured into the column from the top and liquid 
withdrawal was taken from the top sample tube. As the glass 
Figure 21. Schematic of long, packed column, 6 feet high, 
1-1/2 inches ID 
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Figure 22, Packed column used for temperature and 
concentration profile determinations 
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settled to the bottom, the colxamn was tapped continuously to 
enhance the packing of the material. Upon filling the column 
to the top, 2-100 mesh screens were placed on top and the 
flanges were bolted down to keep the screens intact. 
The column was constructed for upward flow for several 
reasons. It was observed in operating a 10 inch column filled 
with the bound enzyme that the porous filter clogged rather 
rapidly when downward flow was administered. With upward flow, 
the only cause for clogging would be impurities in the sub­
strate, but in all cases the substrate was filtered twice to 
eliminate this problem. With downward flow, channeling would 
seem to be more of a problem than with upward flow. This 
might be improved by placing the feed tank above the top of 
the column, so that the void spaces of the column are always 
filled with liquid because of the hydrostatic effect, but such 
an arrangement would be very cumbersome. Finally, if downward 
flow was used, the pump and water baths would have to be set 
up near the top of the column for temperature control reasons. 
Again, an awkward arrangement would result. 
In measuring temperatures along the length of the column, 
9 thermistor probes (YSI Model 703 thermolinear probes. Yellow 
Springs Instrument Co.) were employed. At the end of each 
probe are two semiconductors whose resistances are very 
responsive to temperature and decrease with increasing 
temperature (negative temperature coefficient). To produce an 
Figure 23. Packed column of immobilized enzyme 
(additional views) 
114 
115 
almost linear resistance response to temperature, the two semi­
conductors (one having about 5 times more resistance than the 
other) are arranged in parallel and the equivalent resistance 
is measured by a Wheatstone bridge setup in the temperature 
module (Refer to Figure 21). 
The expanded scale recording thermometer consists of 
electronic components manufactured by Heath Co. The temperature 
module can be calibrated to give an output of 10 mV per degree 
C. The potentiometric amplifier serves as a preamplifier that 
converts any full scale input between 1 mV and 500 volts to a 
full scale output of 1 volt. The amplifier was set to convert 
100 mV to 1 volt output. In order to utilize the full tempera­
ture range available, the DC offset module provides up to 15.1 
divisions (in units and tenths) of offset to the amplifier, 
where one division of offset will shift the amplifier output 1 
volt. Since the chart recorder requires an input of 1 volt for 
full-scale pen deflection, to obtain the range 45°-55°C, for 
example, on the recorder, 4.5 units of offset are required. 
This is easily dialed up on the offset module. 
According to the manufacturers, the interchangeability of 
the probes is + 0.15®C and this was checked by comparing the 
probes at a constant temperature (+ 0.05°C). Maximum deviation 
from the mean was 0.13°C. A digital voltmeter with accuracy 
+ 0.004'C was used to measure output from the complete expanded 
scale recording thermometer which has a precision of + 0.07°C, 
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+ 5% line variation, over a 1 week period. The stated 
accuracy of the system with the temperature module setting in 
the 0® to 100®C range is + 0.4*C, but this is chiefly governed 
by the small amount of nonlinearity in the probe resistance 
response to temperature. Linearity of the probes in the 
specified temperature range is + 0.3®C. The accuracy can be 
improved greatly by referring to probe deviation curves which 
Yellow Springs Instrument Co. provides. The deviation curve is 
sinusoidal in nature and has a maximum deviation of 0.20®C 
with maximum rate of 0.10®C/5®C. 
In operating the column, solution was pumped at a 
constant flow rate (+ 3%) by a Cole Parmer motor-pump, Model 
No. 7565, through coils in two finely temperature controlled 
Haake water baths and then through an insulated line into the 
bottom of the column. The column was lagged with 1-1/4 inches 
of insulation to give minimal heat loss through the column wall. 
After steady state had been reached, a temperature profile was 
taken on the strip chart recorder and samples were withdrawn 
from the column starting at the top and working down. Upon 
completion of removing the samples, the column was shut down 
by flushing the column with distilled water. 
a. Axial dispersion testing Glucose was used as a tracer 
to test for the amount of axial dispersion in the long, packed 
column. In Figure 24 is shown the mixing cheunber located at 
the bottom of the column. Above the chamber is a 1/8" thick 
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Figure 24. Drawing of mixing chamber at bottom of column 
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porous plate (Ace Glass, B porosity) separating the chamber 
from the rest of the column. Tracer entered either as a pulse 
or step input through the tube passing directly into the 
chamber from the outside of the flange. At timed intervals, 
samples were taken from a withdrawal port located 99.5 cm 
above the chamber, and the samples were analyzed on the glucose 
analyzer. 
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IV. RESULTS AND DISCUSSION 
A. Basic Kinetics of Free and Immobilized Glucoamylase 
1. Activity-temperature and activity - gH profiles 
In Figure 25, are shown the activity-temperature profiles 
for the free, azo, and glutaraldehyde linked glucoamylases. 
An interesting observation is that immobilization has increased 
the temperature optimum to near 60®C for both derivatives. One 
can speculate that the fixed enzyme is 'tied down* to the 
porous matrix such that tolerance to heat denaturation is 
increased over that of the free enzyme. Although the enzyme 
could be operated at this higher temperature, an important 
consideration is that deactivation over a long period of time 
is more at higher temperatures. O'Neill (63) discusses what 
effect thermal inactivation can have on catalytic activity in 
continuous reactions for a first-order inactivation, according 
to the expression: 
- aST = kdC' (4-1) 
where is the first order inactivation rate constant and 
strongly dependent on the temperature, and t is time. 
Activity - pH profiles are shown in Figure 26 for the 
three enzymes. It is interesting to note that the glutaralde­
hyde bound enzyme shows a maximum at pH 4.3, whereas the other 
two peak at pH 5.0. A shift in pH profile to the left for the 
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Figure 25. Activity-temperature profile, for immobilized 
glucoamylase pH = 4.65 
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glutaraldehyde bound derivative is of unique interest. 
Assuming the pH for optimum activity of the enzyme does not 
change, the pH at the glass surface should be less acidic than 
that of the bulk solution. Such a condition would seem to 
imply that the glass surface is somewhat positively charged. 
Further investigation is required to verify this. For the azo 
derivative, immobilization has increased the resistance of the 
enzyme to change in pH. This is an advantage, especially in 
continuous reactor conversions where the feed streams might 
vary in pH. 
i,' Michaelis constants for the free and immobilized 
glucoamylase 
If the reciprocals of both sides of Equations 1.1 and 2.7 
are taken, it is apparent that a plot of the reciprocal initial 
rate versus reciprocal substrate concentration should yield a 
linear relationship with slope K^/k^ and K^/k'e' and intercept 
1/kg and 1/k'e' for the free enzyme and immobilized enzyme, 
respectively. Such a plot is called Lineweaver-Burk, after its 
inventors. Figures 27 and 28 show these plots for the given 
experimental conditions. The calculated constants are: 
free glucoamylase, pH = 4,7, T = 50.0®C 
Km = 4.50 mM 
w -  5 7n mg maltose 
min - mg E 
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Figure 27. Lineweaver-Burk plot for free glucoamylase 
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glucoaitiylase 
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glutaraldehyde-glucoamylase/ pH = 4.7, T = 55.0®C 
= 2.93 mM 
],. = 14 1 mg maltose 
min - ml bulk immob. E 
The value for the free enzyme agrees within the range of 
those determined by Phillips and Caldwell (64) and Hockenhull 
and Herbert (65) who found values of 6.6 mM and 1.6 mM, 
respectively. 
The Michaelis-Menten expression is derived from the 
assumed mechanism for a single substrate, uninhibited enzymatic 
reaction; 
k+2 
e + s es —> e + p, (4.2) 
k-1 
where es, s, and p are enzyme-substrate complex, substrate and 
product concentrations, respectively. With the steady state 
assumption, it can be shown: 
Assuming equilibrium between enzyme, substrate, and complex is 
achieved very rapidly, the rate controlling step is the 
decomposition of the complex to product and enzyme. Thus, we 
can say k^g << and 
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Km % % % 
becomes a measure of affinity of the enzyme for the sub­
strate, For smaller values, the affinity becomes more; in 
other words, more enzyme-substrate complex is in equilibrium 
with the substrate and enzyme. This would seem to be the case 
with the glucoamylase attached by glutaraldehyde linkage to 
the glass, as compared to the free enzyme in solution. One can 
surmise that this is due to the more rigid conformation of the 
enzyme because of bonding with the glass, but since there are 
many underlying assumptions involved with deriving Equation 
4.4, any further discussion would be speculation. 
2» Observed kinetics of free and immobilized glucoamylase 
a. Maltose hydrolysis Because the Michaelis constants are 
low for both the free and immobilized enzymes, one would expect 
upon looking at Equations 1.1 and 2.7, the reaction rate to be 
essentially zero order for or > 10 K^. Thus, for 
maltose concentrations greater than about 0.04 M, the intrinsic 
reaction rate should be concentration independent. In the case 
of the immobilized enzyme where internal diffusion might 
become significant, it has been shown that the overall reaction 
rate should be near half order for spherical geometry, when the 
local enzymatic rate is zero order. Where internal diffusion 
and external film diffusion effects are not significant, the 
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overall rate becomes the intrinsic rate, or zero order. 
Figures 29, 30, and 31 show typical concentration versus time 
plots for the free, azo, and glutaraldehyde glucoamylases. At 
a maltose concentration lower than about 0.04 M, the free 
enzyme reaction displays a decreasing rate, as expected. 
During most of the reaction, however, the rate is zero order. 
The same appears to be true for the immobilized enzyme 
cases. Such kinetic behavior would seem to rule out external 
film and internal pore diffusion processes as contributing 
significantly to the overall reaction rate. However, as will 
be shown later, pore diffusion can have an effect on the rate. 
Film diffusion controlled reactions should be first order, and 
it has been experimentally verified that the external 
resistance is indeed negligible. To rule out internal pore 
diffusion strictly because the reaction does not appear to be 
near half order would be premature. Since the reaction rate 
predictions are wholly dependent on the proposed internal 
diffusional-kinetic model being correct, any deviations from 
this model might seriously affect the predictions. 
In Table 1, is shown the activity of the glucoamylase 
assayed at different times and corrected to that at SO^C, 
pH 4.7. It is apparent that the enzyme has deactivated to a 
significant degree over the past two years while in storage 
in the dry form. 
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Figure 29. Maltose hydrolysis by free glucoamylase 
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Figure 30. Maltose hydrolysis by azo-glucoamylase 
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Figure 31. Maltose hydrolysis by glutaraldehyde-
glucoamylase 
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Table 1. Glucoamylase activity with maltose as substrate 
Date Activity, 
glucose 
mm - mg E 
Temperature, pH Activity, 60°C 
pH = 4.7 
6/15/71 3.60 
2/20/73 2.70 
6/12/73 2.29 
55 
50 
60 
4.7 
4.7 
4.6 
3.38 
2. 73 
2.42 
b. Starch hydrolysis Not only is glucoamylase capable of 
hydrolyzing the glucose dimer, maltose, to its monomer, but is 
also effective in converting starch, a large glucose homopoly-
mer, to quantitative yields of glucose. Starch consists of 
amyloses and amylopectins which are linear and branched frac­
tions, respectively of the large polymer. The linear glucose 
units are connected by a-{l->4) glucosidic linkages whereas the 
branched ones are connected by a-(l->4) , a-(l->6), and a-(l->3) 
linkages. According to French and Knapp (66) , glucoamylase is 
an exo enzyme and attacks the substrate molecule in a single-
attack fashion. Instead of the enzyme molecule going to many 
linkage sites in the starch molecule, it goes only to the 
terminal glucosidic linkage (at the nonreducing end of the 
molecule) producing glucose and the next lower homologue of the 
substrate. While the l-»-4 linkages are rapidly hydrolyzed, the 
1^-6 and 1+3 linkages are not as quickly reacted (Pazur and 
Kleppe, 67). Thus, the more branched the starch molecule is. 
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the slower is the conversion to glucose. 
The enzyme, a-amylase, is an endo enzyme capable of 
attacking only l-»-4 linkages and producing maltose units during 
hydrolysis of starch. It is used to initially break down 
starch to a 10-20 DE modified starch, the substrate used in 
this study. It would be very difficult to try to model the 
enzyme reaction because of all the different substrates 
involved, but an empirical approach can be taken in looking at 
the kinetics of starch hydrolysis. 
The modified starch consists chiefly of short length 
glucose polymers linked by 1^4 bonds. In a table compiled by 
Fleming (68), it is seen that the rate of hydrolysis of non-
reducing (1^4) bonds increases with the molecular weight of the 
substrate. Upon observation of Figure 32, the relative rates 
of initial starch hydrolysis and maltose are in the ratio 1:3. 
This has been observed by many investigators whose results are 
shown in the table. In Figure 33 is shown the complete con­
version of 15 DE starch, of concentration 1000 mg/100 ml, to 
glucose. Because the glucoamylase cleaves off single glucose 
units during hydrolysis, the amount of glucose formed during 
the reaction gives true indication of the glucoamylase activity. 
It is apparent that the rate of reaction begins as that for 
initial starch hydrolysis, and then decreases to a level for 
that of maltose hydrolysis. It would be spectulation to say 
that the last 100 minutes of reaction are devoted chiefly 
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Figure 32. 15 DE starch and maltose hydrolysis at same 
temperature and pH conditions 
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Figure 33. Modified starch hydrolysis at T = 60®C, pH = 4.6 
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to maltose hydrolysis, as glucose polymers slightly higher than 
might have the same reaction rate as maltose. However, 
Abdullah et al. (69) showed that the relative rates of G^, G^, 
G^, and G^ are 100, 360, 770 and 1000 re-^pectively for 
glucoamylase of A. niger. Whether or not, maltose hydrolysis 
predominates, chromatographic techniques should be employed to 
elucidate the true kinetics. For simple applications, the 
reaction could be modeled using the two asymptotes, for initial 
starch hydrolysis and maltose hydrolysis, as shown in Figure 33. 
c. Enzyme stability While performing experiments with the 
same batch of immobilized enzyme, a certain amount of inactiva-
tion was detected quite similar to exponential decay. In order 
to correctly correlate the data for various kinetics runs, the 
amount of inactivation had to be determined. Periodically, the 
small differential column was checked for activity by finding 
the zero order rate constant at prescribed conditions. Usually, 
the column was used for a kinetics run and then checked for 
activity before storing it away at 4^0 until the next run. In 
Figure 34, is shown the storage stability profile for azo-
glucoamylase. Even after 86 days the fixed enzyme is 65% 
active and seems to have leveled off at this mark. No con­
tinuous reaction stability study was performed. 
136 
u_ 
LU 
> i 
I 
40 I— 0£. 
I ! 
I 
20 j— 
O i  1  1  1  
0 20 40 60 80 100 
TIME# days 
Figure 34. Storage stability curve of immobilized 
glucoamylase 
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B. Liquid Film Resistance Effect 
Since a first order overall reaction rate is predicted for 
a film resistance controlling reaction, observed zero order 
reaction kinetics would rule out this resistance as the rate 
controlling factor. To check this conclusion, the differential 
column was run at different flowrates with total recycle. As 
shown in Figure 35, the activity for azo-glucoamylase at 50°C 
is independent of flowrate, at least for rates greater than 
2 ml/min corresponding to a superficial velocity of about 1.1 
cm/min. 
In a column of glutaraldehyde-glucoamylase where the 
activity was considerably greater, the rate curves for various 
flowrates at 59°C were found and are given in Figure 36. This 
derivative was the same as that used in the large, packed 
column later used in temperature and concentration profile 
determinations. The determined glucose formation rates are 
plotted versus flow rate in Figure 37 along with those at two 
lower temperatures. It is noted with interest that at the 
higher temperatures where enzyme activity is greater, the film 
resistance effect becomes more noticeable at least at low fluid 
velocities. This is understandable, since the internal 
resistance effect becomes less significant at higher intrinsic 
reaction rates. For this derivative, the film effect becomes 
unimportant at superficial velocities greater than about 4 cm/ 
min. In mass transfer characteristic determinations, the air 
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Figure 35. Film resistance effect on azo-glucoamylase at 
50°C 
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Figure 36. Hydrolyses of maltose at different flowrates in 
total recirculation reactor 
140 
200 
5 160-
J" 120— 
C 60 
O 
T = 59 °C 
= 50 
GLUCOSE FORMATION RATE VS. SUPERFICIAL VELOCITY 
_0_ T = 40 "C 
u 
O 
0 2 4 
SUPERFICIAL VELOCITY, CM/MIN 
Figure 37. Film resistance effect on glutaraldehyde-
glucoamylase at three different temperatures 
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stirred reactor with recirculating flow, the paddle-stirred 
reactor, and the packed differential column were operated in 
a range where film resistance would be negligible. 
If we predict the reaction rate for a film controlled 
reaction from Equation 2.6, using the values, 
Dg = 0.48 X 10 ^ cm^/sec 
2 2 G = 8.5 g/cm -min = 0.14 g/cm -sec 
Cj^ = 1.0 mole s/liter = 10 ^ moles/cm^ 
E  = 0 . 3 4  
d = 0.03 cm 
P 
3 p = 1.12 g/cm , 
we find, 
-4 3 
R = 9.6 X 10 moles/cm matrix-sec 
Comparing this predicted reaction rate with the observed 
reaction rate constant for the given conditions (k^ = 1.1 x 
10 ^ moles/cm^ matrix-sec) it is apparent that the rate 
controlling step is the internal substrate diffusion and 
enzymatic reaction. 
C. Experimental Effectiveness Factors 
Enzymes can be inactivated by mechanical shearing, 
according to McGilvery (5). The free enzyme was tested for 
mechanical inactivation by stirring an enzyme solution with 
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1/4" glass beads for 10 hours, and then assaying the enzyme. 
Another equivalent amount of enzyme, not stirred, was also 
assayed, and the difference in activities was very slight. 
Although this does not conclusively rule out mechanical in-
activation in the shaking of the insolubilized enzyme, it does 
seem to indicate that activity loss due to shearing will be 
minimal. 
A simple but useful technique was devised in correlating 
experimental effectiveness factors with those predicted by 
theory. From one experimental effectiveness factor determina­
tion, it is possible to predict effectiveness factors for other 
particle sizes. Since k^, and are not variable in the 
experiments, the term, /k^/, is calculated by finding 
the predicted 0 at a specific particle size for which the 
effectiveness factor has been experimentally determined. From 
this, fS is easily found at other particle sizes. In Figure 38, 
the experimental effectiveness factors for glutaraldehyde-
glucoamylase are compared with the theoretical zero order 
asymptotic solution for an experimental g value of 0.019. 
Because the porous glass was available only in sizes from 40 
to 400 mesh, it was not possible to determine effectiveness 
factors for ÇS < S and ÇI > 50. The results are also summarized 
in Table 2. 
Except for the largest particle size tested, the experi­
mental results agree quite well with predicted behavior. 
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Table 2. Effectiveness factor 
Size 2L, y 0 - 0.199L E expt E predicted 
40/80 
80/100 
100/120 
200/400 
298 
163 
137 
55 
29.6 
16.2 
13.6 
5.5 
0.56 
0.61 
0.75 
1.07 
0.35 
0.63 
0.75 
1.00 
^v ^80/100 
= 0.199 
^eff^m L 
The positive deviation in effectiveness factor for the large 
size is probably explained by the amount of enzyme attachment 
inside the pores of the glass. In order to deduce an 
appropriate diffusion model, the premise was made that 
attached enzyme was distributed evenly throughout the catalyst 
pores. Because the glucoamylase molecule has a molecular 
weight of 97,000 (Pazur and Kleppe, 67)# corresponding to a 
molecular size of about 60 A°, it is probably true that forma­
tion of an even monolayer of such bulky molecules does not 
occur. Also, due to the small pore diameter (680A® + 10%) and 
aberations in the porous particle, complete penetration of 
enzyme molecules into the interior is not likely. 
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D. Dispersion Measurements in 
Long Packed Column 
As described earlier, dispersion measurements were made by 
injecting certain amounts of glucose tracer into the center of 
the mixing chamber (Figure 24) with a long syringe needle and 
removing samples periodically from a withdrawal tube 99.5 cm 
above the chamber. Because sometimes a significant amount of 
glucose was lost through the septum when the syringe needle was 
removed from the chamber, it was not known initially how much 
glucose had been injected; however, from the area under the 
curve of glucose concentration versus time at the end of the 
test region, one is able to compute the exact amount of glucose 
entered into the chamber. 
Since the glucose output from the mixing chamber into the 
bottom of the column was not a pulse function, an attempt was 
made to determine what the actual input was. The mixing chamber 
can be modeled as a continuous, well stirred reactor, and if 
ideal mixing is assumed, the output from the chamber should 
behave with time by the equation. 
where G is the glucose concentration, the concentration at 
t = Of V the volume of the chamber, v^^ the volumetric flow 
o 
rate, t(=V/v^), the time constant, and t, the time. This 
model was experimentally verified by actually injecting a 
Vt 
G = G e o 
o / 
(4.5) 
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sample of known quantity and concentration into the chamber and 
withdrawing samples periodically from the chamber. In Figure 
39 is shown the glucose concentration response with time at a 
flow rate of 39.5 ml/min and with an injection of 2.0 ml, 
7500 mg/100 ml glucose. If one plots &n G vs. t, as in Figure 
40, the initial concentration can be found by extrapolation to 
t = 0 and the volume of the chamber from the slope of the curve. 
The experimentally determined values of = 430 mg/100 ml and 
V = 34.0 ml are in good agreement with each other. Since 150 
mg glucose were injected, the calculated initial glucose con­
centration is (150/34.0) = 441 mg/100 ml. From the dimensions 
of the chamber, a volume of about 29 ml is computed, but if the 
inlet and sampling tube volumes are added, the volume increases 
to about 31 ml. The experiment was repeated at another flow-
rate (101 ml/min), and the computed volume from the slope was 
34.1 ml. Because of the linearity of the An G vs. t plot and 
the close agreement in the computed and actual initial con­
centrations and volumes, the model was used to predict the 
inlet function. 
In Figure 41 are shown the results of dispersion tests at 
three different flowrates. The predicted input functions were 
calculated using Equation 4.5. G^ was found by determining the 
amount of glucose injected, as explained above, and dividing 
by the 'effective volume' of the chamber, 34.0 ml. The mean 
and variance for each curve were found by using the equations. 
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Figure 39. Glucose concentration response to pulse input in 
mixing chamber. 
Figure 40. Plot of In (glucose concentration) vs. time 
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Figure 41. Concentration profiles at beginning and end of test 
region in packed column in response to pulse input 
of glucose 
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y = 
t  G( t )d t  
o  E tG( t )  
G  ( t )  d t  
~ "TGTET ( 4 .6 )  
t  G( t )d t  
o 
G ( t ) d t  
( 4 .7 )  
Analytical solutions can be found for mean and variance of the 
inlet functions, if Equation 4.5 is assumed to hold: 
,2 2 )J, = T and A = T 
X ^1 
( 4 .8 )  
According to Bischoff and Levenspiel (70) and Levenspiel and 
Smi th  ( 71 ) ,  i f  end  e f f ec t s  a re  i gno red  and  i f  (D^ /uL )  <  0 .01 ,  
the following relationship holds approximately for calculating 
D^/uL: 
''L 
uL 2 2  (Aw)  
( 4 .9 )  
2 2 2 
where Ao = - a,  and  Ay  =  } j „  
^t ^t ^ 
. The Peclet number is 
easily found from D^/uL, and the results are shown in Table 3. 
In the flow regime tested,1.0 < Re^ < 3.4, the Peclet number is 
near 0.1. When a step input was applied to the column at a 
combined water-tracer flowrate of 40.6 ml/min, the response 
was as shown in Figure 42. Since a normal distribution approxi­
mates quite well an impulse response curve and should approach 
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Table 3. Peclet nimber calculations 
39.5 4.15 19.33 0.00555 0.056 
98 0.399 9.29 0.00231 0.136 
136 0.386 7.31 0.00361 0.087 
it as D^/uL becomes small, the step input response should be 
normal cumulatively distributed, and according to Figure 43, 
this would appear to be the case as the plot of the normal 
cumulative probability versus time is linear. Since two 
standard deviations exist between the 15.9 and 84.1 percentiles, 
the variance of the distribution is easily found. The calcu­
lated Peclet number is 0.132, in the range of those determined 
by the pulse input method. 
The values determined for Pe^ would seem low in comparison 
with other studies cited earlier in which Pe^ is reported in 
the 0.3-0.8 range. One obvious reason might be that the bed is 
partially fluidized to the extent that backmixing is a serious 
problem and the Peclet number is low. Although the column was 
continuously tapped while adding the immobilized enzyme co 
insure a tight packing, channeling and creation of large 
pockets due to shrinkage of particles in situ, or to movement 
of particles while in operation, could cause a large increase 
in axial dispersion. 
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Figure 42. Concentration profile at end of test region in 
response to step input of glucose 
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A more plausible reason for the low Pe_ values is that 
absorption of glucose by the porous glass is very significant 
during flow of tracer up the column. This seems very under­
standable if one considers the rate at which maltose is 
hydrolyzed in the column. In this case, a maltose molecule 
must diffuse through the external liquid film, diffuse through 
the catalyst pore, and be reacted to glucose, which must do the 
reverse. Since it was shown in the experiments that the 
internal resistance, predominated by the enzymatic reaction 
rate, is the rate controlling step, the liquid film and pore 
diffusion resistancies, evaluated singly, are lower. Thus, 
glucose absorption should occur very quickly. When the glucose 
tracer travels up the column, the glucose concentration in the 
pores upstream is zero. When the dispersed band reaches a 
particle, glucose is rapidly absorbed into the pores and then 
desorbed when the exterior concentration of the pore decreases, 
or when the band passes by. Such absorption and desorption 
would tend to increase the spread of the concentration profile, 
thus yielding a lower apparent Peclet number. 
Because the internal porosity of the particles is high 
(0.78), the holdup of solution in the pores would seem to slow 
the rate at which glucose passes through the column. From the 
dispersion plots, this appeared to be the case. Because the 
bed void fraction was experimentally determined as 0.34 + 0.2 
(from three independent studies on a similarly packed column. 
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1 inch ID), the residence time for a fluid in the column can be 
easily calculated by, 
t = ^ (4.10) 
o 
where is the volumetric flowrate, the test region 
length, ^ the cross sectional area of the column, and e, 
the bed void fraction. For the flowrate of 39.5 ml/minute, 
the calculated residence time in the test region is 9.8 minutes, 
whereas Ay (experimental) = 19.3 minutes. Thus the internal 
space of the particles contributes significantly to the 
residence time of the tracer. 
The only published literature that could be found related 
to the effect of pore diffusion on the axial dispersion was 
that of Suzuki and Smith (72) who derived an equation for 
calculating the dispersion coefficient based on the model for 
a nonadsorbing tracer gas. The equation could not be used 
for a liquid tracer. If one considers that the axial dispersion 
coefficient is a macro based quantity, then both axial mixing 
and pore diffusion effects might be combined into one 
coefficient, and the Peclet number calculation becomes justi­
fied. However, when reported, it should be noted that the 
Peclet number is low because of the intraparticle pore diffusion 
effect. 
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E. Concentration and Temperature 
Profiles in Packed Column 
An attempt was made to predict the concentration and 
temperature profiles in the long, packed column by determining 
the physical parameters needed to describe the system and 
solving the dispersion equations, as given earlier. The 
average size of the porous particles was found by classifying 
the glass into certain sizes and determining a size distribu­
tion, as shown in Figure 44. From the areas under the distribu­
tion, an average particle size of 313 microns was found. From 
initial rate data on ground immobilized enzyme, k_. and 0 _ 
^ref 
were experimentally determined, y,  the matrix volume to 
solution volume ratio (=(l-e)/e) was calculated, and u, the 
interstitial velocity was determined from u = v_/A_ e. The 
o c.s. 
entering fluid temperature was taken as 55*C, 328*K. was 
experimentally determined earlier for glutaraldehyde 
glucoamylase, and L, the length of the reactor was taken as 
200 cm. 
The heat of hydrolysis for maltose to glucose was 
originally thought to be -4200 cal/mole, as computed from data 
given by Kharasch (73) and that for corn starch to glucose was 
calculated as -25.1 cal/g starch from data compiled by Corson 
(74). In a very careful analysis by One, Hiromi, and Takahashi 
(75), the heat of hydrolysis for maltose was determined to be 
-1220 cal/mole at 55*C, which seems to contradict data from the 
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Figure 44. Particle size distribution of porous glass 
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earlier report. As will be shown experimentally by the results 
of this research, the latter source is in good agreement with 
what we obtained. 
Using the latter heat of hydrolysis and the other deter­
mined constants, the profiles given in Figures 45 and 46 were 
computed. The curves for Pe^ = 0.1 and Pe^^ + » (plug flow) 
show little difference, except near the end of the reactor 
where the conversion difference is about one and one-half per­
cent. At 90% conversion, a temperature increase of only about 
1.0°C is expected. In Figure 47, is shown the amount of con­
version expected at different feed temperatures, assuming the 
operation is adiabatic. A feed temperature optimum of 58.5*C 
is predicted. 
In running the column with different feed temperatures, 
the temperature decrease due to heat loss through the wall and 
insulation was rather significant. In order to detect any 
noticeable increase due to heat of reaction, water was first 
run through the column and a temperature profile was taken at 
steady state. Maltose or starch solution at the same feed 
temperature as the water was then pumped through the bed and a 
temperature increase was noticeably apparent when the column 
had reached steady state (at least 2 hours after startup). 
Whether this temperature increase is due to heat of reaction is 
a question one must consider. The increase could also be due 
tc a higher heat capacity and/or a lesser heat transfer 
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coefficient at the wall. In the former instance, the pC^ of 
27% maltose solution at 55'C is (1.10)(0.851) = 0.936 cal/cm?-
°K and that of water at 55®C is (0.986)(1.00) = 0.986 cal/cm^-
K°. It is obvious that the maltose solution should decrease 
about 5 percent more in temperature along the column length if 
the heat loss is the same in both cases. This phenomenon is 
contrary to what was observed. 
If one looks at the decreased heat transfer coefficient 
at the wall due to higher viscosity of the maltose solution, 
it will become obvious that this effect is very negligible. In 
determining h^, Beek (76) suggests using correlations of mass 
transfer data of packing particle to fluid as determined by 
Thoenes and Kramers (77) for flow in a packed column of spheres, 
5 < Re < 5000. The results can be translated into a treatment 
of heat transfer by substituting the Nusselt and Prandtl 
numbers for the Sherwood and Schmidt numbers. The equation to 
be used is : 
Nu = 2.42Rel/3prl /3 + o .129Re°*®Pr°*^ + 1.4Re°*^ (4.11) 
laminar eddy stagnant 
conduction conduction conduction 
The contributions to heat transfer due to each type of conduc­
tion is shown in the equation. According to Beek, the equation 
agrees well with other results over smaller Re^ ranges for the 
heat transfer coefficient to the wall. Using Equation 4.11 to 
compute the Nusselt numbers, the Nu for water flow becomes 
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5.11 and that for 27% maltose solution is 4.77. In other 
words, with maltose solution the heat transfer coefficient is 
decreased by about 7 percent. 
This decrease might seem significant, but the overall 
picture must be represented. In heat transfer from the inside 
of the column to the ambient, essentially four resistances are 
encountered: the liquid film inside the column at the wall, 
the tube thickness, the insulation, and air layer at the out­
side of the insulation. Lumping the last three into one 
external resistance, we can say the overall resistance is given 
by: 
èr = ^ext + • (4-12' 
Any standard chemical engineering unit operations book 
can be used to compute u^, the overall heat transfer coefficient 
for a heat exchanger, based on inside surface area. The 
relationship to compute u^ is given by 
VoPCpAT = (4.13) 
where AT is the change in temperature of the reacting fluid 
along the length of the reactor and AT^^ is the log mean 
temperature difference between the fluid and ambient at the 
entrance and exit of the reactor. Using the results from Run 
1-127-107, Figure 51, the following is computed; 
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v^p = 51.3 g/min 
C  =  0 .851  ca l / g °C  
P 
AT  =  2 .84 *C  
v^pCpAT = 124 cal/min 
=  25 .0 °C  
= 2010 cm^ 
u .  =  0 .00247  
^ cm^inin°C 
2 The computed h^ from Equation 4.11 is 14.7 cal/cm min°C. Thus, 
Equation 4.12 becomes 
465  =  +  0 .07  (4 .12 )  
\xt  = "5 ST 
It is seen from the above analysis that a 7 percent change in 
h^ will have nihil effect on the overall resistance. Thus, it 
is reasonably assured that the temperature rise of the maltose 
solution over that of the water was due to the heat of 
reaction. 
With such a small heat of reaction, the assumption stated 
earlier in Chapter 2 that isothermal conditions hold in the 
pore, is valid. According to Smith (78), it is easily derived 
that the maximum temperature increase due to heat of reaction 
i n  a  po rous  pa r t i c l e  i s .  
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e 
—4 Evaluating, is 9.4 x 10 ®C for a bulk concentration of 
1.0 M. The temperature increase in the pore is very slight and 
the assumption of isothermal rate of reaction in the particle, 
holds. 
In Figures 48 through 54 are shown the experimentally 
determined concentration and temperature profiles at different 
feed temperatures for both maltose and starch solutions. Since 
the operation was not adiabatic, it would be difficult to 
compare the predicted and experimental curves. However, 
certain observations can be noted. In Figure 48, the con­
centration profile is quite linear with length and at 60 per­
cent conversion, the temperature increase is about 0.60*C. 
For an initial concentration of 0.83 M, this would imply a 
heat of reaction of about 1100 cal/mole, a value in approxi­
mate agreement with that of Ono, Hiromi, and Takahashi. 
Figure 49 shows the profiles at the increased flowrate 
of 85.0 ml/minute. Comparing with the previous figure, Figure 
48, one would expect the conversion to be about half that for 
the slower flow rate. Instead, the conversion is about two-
thirds, indicating that film resistance might be contributing 
significantly at the lower flow rate. This would seem a 
logical explanation, since the superficial velocity (3.56 cm/ 
min) is below 4 cm/min, the minimum velocity required for 
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external film resistance to be insignificant. 
The other runs were performed at flow rates around 45 ml/ 
min to insure minimum film diffusion effect. Because of 
deactivation in the column and nonadiabatic conditions, an 
experimental optimum feed temperature could not be found. The 
last experiment was run at 60°C and is shown in Figure 54. 
Because the bottom length of the reactor was operated at higher 
temperatures, during all of the runs the enzyme deactivated 
more and is apparent from the curved plot. In general, however, 
the maltose conversion plots were linear with reactor length as 
shown in the other figures. 
Starch hydrolysis plots are shown in Figure 53. The heat 
of reaction appears to be the same as that for maltose, upon 
observation of the temperature profile. Because of high 
pressures developed in the bottom of the column (about 30 psig) 
samples were not taken here, but it can be seen that the rate 
decreases as starch conversion increases, an observation noted 
earlier for the batch starch hydrolysis. 
The decrease in enzyme activity seemed to be a noticeable 
problem as the column was used longer. Although it would be 
hard to isolate the exact reason(s) for this, the following 
can be given: 
1) Due to microbial contamination, the pores of the glass 
become clogged and substrate penetration is hindered. 
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2) Enzyme initially adsorbed onto the glass was not 
washed completely off and accounts for initial high 
activity of the enzyme. Weetall (79) discusses this 
effect on immobilized papain. 
3) Denaturation of the enzyme by heat is a probable 
cause for deactivation. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
From the studies performed on immobilized glucoamylase 
certain conclusions can be drawn on the employment of the 
enzyme in a packed column: 
1) The amount of dispersion prevalent in the column of 
immobilized enzyme was significant, but because of the 
zero order nature of the overall reaction rate, the 
dispersion effect on substrate conversion is small. 
2) The temperature increase due to heat of hydrolysis of 
both maltose and starch was small such that the rate 
of conversion is not significantly changed during 
reaction in a packed column. 
3) The liquid film diffusion effect can be important when 
the fluid velocity is low enough. Of course, this is 
very dependent on the amount of enzymatic loading, but 
for operation of the large packed column in this 
study, a superficial velocity of at least 4 cm/min was 
required to insure negligible film resistance. 
4) The reaction rate decreases with usage which might 
imply deactivation of the enzyme due to heat denatura-
tion, loss of previously adsorbed enzyme, or microbial 
contamination in che pores of the immobilized enzyme. 
In future work with immobilized glucoamylase and other enzymes 
in general the following recommendations are made: 
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1) Because external film diffusion can have a noticeable 
effect on the overall reaction rate, especially at high 
enzyme loadings onto the glass, the computer equations 
involving heat of enzymatic reaction and axial 
dispersion of heat and mass should be solved incorpo­
rating the film diffusion effect. 
2) Because of the large pressure drop through the 6 foot 
column (about 30 psig for pumping of 27 weight percent 
starch solution at a superficial velocity of 4.0 cm/ 
min and a temperature of 55°C) larger glass particles 
should be employed in the range 10-40 Tyler mesh. 
However, a sacrifice is made in the possible pore 
diffusion effects on the reaction rate. 
3) The glucoamylase should be more purified to yield a 
higher enzyme activity on the glass. Such could be 
done by an additional propanol or ethanol precipitation 
of the enzyme. 
4) Different materials of construction which are able to 
withstand high pressures (about 100 psig) and 
temperatures up to 70*C, should be used instead of 
the plexiglass which deforms at a slow rate at 
temperatures near 70®C and is not generally recommended 
for high pressure operation. 
5) The starch and maltose solutions should pass through a 
sterilizer first before entering the column so that 
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microorganisms present in the solution are killed. 
Because temperature control was critical in the 
temperature profile determinations, this was not 
carried out in our experiments. 
6) It would be best to keep the column at cold 
temperature conditions, about 4°C, when it is shut down 
to minimize deactivation of the enzyme. This could be 
accomplished by pumping cold water through the column, 
or storing the column in a refrigerated room. 
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VI. NOMENCLATURE 
a outside surface area per unit volume of catalyst, 
2 / 3 
cm /cm 
A(T*) fraction of immobilized enzyme activity to that at 
reference temperature, A(T*) at is unity 
A cross-sectional area of packed column c. s. 
substrate concentration in solution bulk, moles/cm^ 
inlet bulk concentration at Ç = 0 
C average concentration during progress of reaction 
concentration at exterior surface of catalyst particle, 
moles/cm^ 
Cp heat capacity of fluid 
C* dimensionless bulk concentration (= C^/C^^) 
dp particle diameter, cm 
effective volume diffusivity 
2 Dg diffusion of substrate in liquid film, cm /sec 
longitudinal mass dispersion coefficient 
D^' longitudinal heat dispersion coefficient 
Dp diffusivity of substrate in catalyst pore 
radial mass dispersion coefficient 
D^' radial heat dispersion coefficient 
e amount of free enzyme present initially 
e' amount of enzyme bound to porous matrix 
es enzyme-substrate complex concentration 
E effectiveness factor 
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2 G superficial mass velocity, g/cm -sec, or glucose 
concentration in mixing chamber 
initial glucose concentration in mixing chamber 
h^ inside heat transfer coefficient at column wall 
k reaction velocity constant of free enzyme 
k overall reaction velocity constant for immobilized 
enzyme 
k^^ forward velocity constant for enzyme reaction 
k_^ reverse velocity constant for enzyme reaction 
k^2 product formation velocity constant for enzyme reaction 
k^ first order deactivation constant of immobilized enzyme 
k^ effective thermal conductivity in porous catalyst 
k^ mass transfer coefficient in liquid film, cm/sec 
Ju 
k m^^ order rate constant 
m 
k' local reaction velocity constant for enzyme attached 
to porous matrix 
kg velocity constant based upon catalyst pore surface 
k^ velocity constant based upon unit volume of catalyst 
k.. value of k„ at reference temperature, T ^ 
^ref 
Michaelis constant of free enzyme 
apparent Michaelis constant for immobilized enzyme 
K^' local Michaelis constant for enzyme attached to porous 
matrix 
Z dimensionless distance along packed bed (- Ç/L) 
L length of packed-bed reactor 
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Lp one-half the average size of catalyst particle 
test region length 
m reaction order 
Nu Nusselt number 
p product concentration 
Pe_ longitudinal Peclet number (= u d /D_) 
Jli P ij 
Pr Prandtl number 
r distance from center of spherical particle 
r^ radius of pore 
(-r^) observed rate of reaction per unit volume of catalyst 
R mass transfer rate per unit volume of matrix, moles/ 
cm^-sec, or effective radius of porous catalyst 
R , external heat transfer resistance 
ext 
s distance coordinate along which substrate molecule 
diffuses in liquid film, cm, or substrate concentration 
Sc Schmidt number 
Sh Sherwood number 
t time 
t residence time 
T temperature of fluid in packed bed 
reference temperature (= 55°C in this analysis) 
inlet fluid temperature (at Ç = 0) 
T* dimensionless temperature (= T/T^) 
u interstitial velocity in packed column 
u^ overall heat transfer coefficient based on inside area 
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V effective volume of mixing chamber 
v^ volumetric flow rate 
x dimensionless distance from exterior surface of 
particle (= Z/L ) 
x^ extinction dimensionless distance (x at which y becomes 
zero) 
y dimensionless substrate concentration in pore (= C/C^) 
Z distance from exterior surface of particle (towards 
interior of catalyst particle) 
Greek 
VSi 
G V=o 
6 thickness of liquid film, cm 
(-AH) heat of enzymatic reaction 
log mean temperature difference 
e external void fraction in packed bed 
internal particle porosity 
Y = volume of catalyst per unit volume of reacting 
solution 
y viscosity of fluid, centipoise 
" + (2 kyYl/k^a 
0 diffusional-kinetic modulus, L^/ky/ 
(rectangular geometry) 
diffusional-kinetic modulus, R/k^/(D^ggK^) (spherical 
geometry) 
182b 
J?ref value of at reference temperature, 
3 p density of fluid, g/cm , or dimensionless radius 
Pg extinction dimensionless radius (p at which y becomes 
zero) 
P 1 - P 
T tortuosity factor of porous particle, or fluid mixing 
time constant of mixing chamber 
Ç distance along packed-bed reactor 
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IX. APPENDIX A 
The sample computer program computes the concentration 
and temperature profiles in a packed column of immobilized 
enzyme where axial dispersion of heat and mass occurs at the 
given conditions stated in the program. 
/ /=336D3M JOB •U3543,TTME = 4,F EG InM=144K,LTNF5=3•,MAPSH 
/ /STFPl  "xrC F0RTCG,TTM^.G0=4,REGION.Gg=144K 
/ /FORT.SYSTN OD *  
C THIS PROGRAM WILL COMPUTf-  THF CONCENTRATION AND TFMP = RATURF PROFILES 
C IN A PACKED CHLUMN OF IMMOBILIZED ENZYMc ( INTERNAL RfSISTANCE CON-
C TROLLING WITH AXIAL DISPERSION OF HEAT AND MASS).  
C 
C DARAMETER DEFINITIONS: 
C 
C L  = LENGTH OF IMMOBILU.«=D ENZYM' PACKED COLUMN, CM 
C GAMMA = VOLUME OF CATALYST PER UNIT VOLUME OF REACTING SOLN.,  RATIO 
C TREF = REFERcNCr TFMPcRATURF, OEG C.  
C KVRSF = RATE CONSTANT BASFD ON VOL.  OF CATALYST,  GM-MOLFS/MIN-CC (AT 
C R?F.  TEMP.)  
C PHIPFF = DIFFUSIONAL-KINHTIC MODULUS OF IMMIB,  TNZYMF, OIM^NSICNL-SS ( A T  
C REF.  TEMP.)  
C DP = AVERAGE PART ICE DIAMHTFR, CM 
C U = INTERSTITIAL VELOCITY,  CM/MIN 
C CBI  = INLFT SUBSTRATE CONCENTRATION, MOLAR 
C TT =  INLET FLUID TEMPERATURE, DEG K.  
C KM = IMMOB. ENZYME MICHAFLIS CONSTANT, MOLAR 
C PEL = LONGITUDINAL PECLFT NUMBER, OIMFNSIONLESS (= U*DP/OL) 
C DL = DISPERSION COEFFICIENT,  SQ CM /  MIN 
C OFLH = EXOTHERMIC H~AT OF REACTION, CAL/MOLF (POSITIVE) 
C RHO = AVERAGE FLUID DENSITY,  GM/CC 
C CP = AVERAGE FLUID HEAT CAPACITY,  CAL/GM-DcG K.  
C BETAO, BETAI,  BETA2,BETA3,  AND BETA4 ABE COEFFICIENTS OF FOURTH ORDER 
C POLYNOMIAL EQUATION DESCRIBING ACTIVITY-TEMPERATURE PROFILE OF IMMOB. 
C ENZYME. REL.  ACTIVITY = (BETAO •  8ETA1*T f  BFTA2&T**? + BETA3*T**3 + 
C BFTA4^T**4) /ACTREF, T= QEG C.  (REL.  ACTIVITY = UNITY &T REF.  TEMP.)  
C ACTREF = REL.  ACTIVITY AT REF.  TEMP. (USED AS \  CORP. FACTOR) 
C TOL = TOLERANCE FOR CONVERGENCE 
C N = NUMBER OF STEPS PFR ITERATION 
C 
C **NOTE**  PROGRAM IS APPLICABL= FOR B'=TA (=KM/CB =AL PHA/CST AR )  VALUES 
C LESS THAN 1 .0 .  
IMPLICIT PrAL*8 (A-H,0-Z)  
DOUBLE PRECISION K l ,  K2,  KVRfp,  KM, L  
DIMENSION CST!VR( 1005)  ,  TSTAP( 1005) ,  P(1005) ,  G( I005) ,  0(1005) ,  
2 H(1005)  
COMMON EPF /PROGl/  CNST,  ALPHA, DEOC /PROGZ/ ACT,  ACTOEP.,  DFOT 
F l (CNST,TNST) = -2 .000/  (PEL* DFLTAL**2)  +(L/DP)/DELTAL -K l  fACT 
2 •  FCNl  
F2(CKST,TNST) =  -2 .000/  (PFL* DELTAL**2)  +(L/DP)/DELTAL +K2 *  
2 (CNST/  (ALPHA+ CNST))  *  FCN2 
F3(CNST,TNST) =  -K l*  (CNST/(ALPHA+CNST))  *  FrN2 
F4(CNST,TNST) = K2* ACT* FCNl  
F5(CNST,TNST) = -K l*  ACT* (EFF* (CNST/(ALPHA+CNST))  -  CNST+FCNl)  
2  +  K l  *TNST *(CNST/(ALPHA+CNST))  *FCN2 
F6(CNST,TNST)= (  CN ST/ f  ALPHft+C NST) J  ^ DFOC *  *^FF* (  ALPHA/Î  ALPHA+ CNST) 
2 **2) 
F7(CNST,TNST)= ACT* DFDT f  EFF* ACTDER 
READ (5 ,15)  L ,  GAMMA ,  KVP.EF ,  DP ,  U 
READ (5 ,15)  CBI ,  TI .KM, PEL,  DELH 
READ (5 ,15)  RHO, C»,  8FTA0,  8FTA1,  BETA2 
READ (5 ,15)  BETAS, BETA4,  TQL,  PHIRFF,TPEF 
READ (5 ,17)  N 
15 FORMAT (  5016.0 )  
17 FORMAT (116 )  
OELTAL = l .ODO /N 
TLOW = 40.0D0 
THIGH = 75.0D0 
CSTARl  = l .ODO 
NL = N+1 
10 VARl  = (L*  KVREF *  GAMMA) /  (U* CBI)*  1.0D03 
VAR2 = (CBI  *  DELH) /  (  TI+RHO *  CP* 1.0003)  
K l  = (L/DP) *  VARl  
K2 = (L /OP) *  VARl  *  VAR2 
KX = 0  
ACTRFF = BFT&O + R = TS1 + TPCF + pc j iS 2*TRrF^*2 + R-TA3*TRrF**3 + 
2 BCTA4*TREF**4 
ALPHA = KM /  CBI  
WRITE (6 ,9)K1,K2 
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EK= F?(CNST,TMST) 
RK= F3(CNST,TNST) 
SK= F4(CNST,TNST) 
C1K=F5(CNST,TNST) 
C2K= -CIK* (K2/K1)  
P(J)= AK- D*B /  P(J- l )  
G(J)= ( -  CRK* TNST+ CIK)  -0  *  G(J- l ) )  /  P(J)  
0{J)= FK- D*B /  OiJ- l )  
HCJ)= ! -  (SK* CNST+ C2KÏ  -H *  H(J- l ) )  /  Q(J)  
3  CONTINUE 
CNST = CSTAR C N)  
TNST = TSTAR (  N)  
TCFNT = TI*  TNST -  2.73D02 
IF {  TCFNT .LT.  TLOW .OR. TCFNT .GT.  THIGH )  GO TO 64 
ACT =(BSTAO f  BETA1*TCENT + BETA2*TCFNT**2 + BrTA3*TCFMT**3 + 
2 8ÇTA4*TCENT**4Î  /  ACTREF 
ACTDER =(8ETA1*TI  + 2.000*RETA2*TT*TCFNT + 3.000*BFTA3*TI*TCFMT**2 
2 »  4.000*BETA4*TÎ*TCENT**3)  /  ACTREF 
GO Tl 65 
64 ACTOER = O.ODO 
IF (TCENT .LT.  TLOW) TCFNT = TLOW 
IF fTCENT .GT.  THIGH) TCENT = THIGH 
ACT =(BETAO + BFTA1*TCENT + BFTA2*TCFNT**2 + 8ETA3*TCENT**3 + 
2 35TA4*TCENT**4)  /  ACTREF 
65 BETA = ALPHA /  CNST 
IF  (  BETA .GT.  l .ODO )  GO TO 90 
PHI  = PHIREF* DSQRT(ACT) 
CALL FFFS IBFTA,  PHI Î  
CALL DFDCS (BFTA,  PHI)  
CALL DEOTS (BETA, PHI)  
90 FCNl  = F6(CNST, TNST) 
FCN2 = F7(CNST,TNST) 
AK = F1(CNST,TNST) +B 
EK =F2(CNST,TNST) +B 
RK =F3(CNST,TNST) 
SK =F4(CNST,TNST) 
CIK = F5(CMST,TNST) 
C2K = -CIK *  ÎK2/K1)  
P(MÎ= AK -0*B /PCM-l l  
G(N)= ( - (RK *TNST+ CIK)  -OtG(N- l ) )  /P(N)  
OfN)= EK -D*B /Q(^- l )  
H(N)= ( - (SK *CNST+ C2KJ -D*H!N-1))  /Q(N) 
CSTAR(N+1)  = G(N) 
CSTAR(N) = G(N) 
TSTAR(N+l)  =  H(N) 
TSTAR(N) = H(N) 
K= N-2 
00 4 M= l ,K 
CSTAR (  N-M) = G(N-M)-  B+ CSTAS {  N+l -M) /  P(N-M) 
TSTAS I  N-M) = H(N-M)-  B*  TSTAR (  N+l -M) /  O(N-M) 
4  CONTINUE 
CSTA* (  1)  = (DFLTAL*L/DP*PFL+CSTAR( 2) ) /<1.000+0ÇLTaL*L/nP*pf  
TSTAR( 1)= (nELTAL* l /DP*PFL+TSTAR{ 2) ) / (1 .0D0+0ELTAL*L/DP+PrL)  
IF  (  DABS (CSTAR(NL)-CSTARl)  .LT.  TOL )  GO TO 20 
CSTARl  = CSTAR(NL) 
38 DO 14 J= l ,NL 
IF (  CSTARtJ)  .LT. I .OD-04)  CSTAR(J)  = l .OD-04 
IF (CSTAR( J  )  .GT.  2.000)  CSTAR(J)  = 2 .000 
IF (  TSTAR( J )  .GT.  5 .000 )  TSTAR( J)  = 5.0D0 
IF (  TSTAR( J )  .LT.  0.500 )  TSTAR( J)  =  0.500 
14 CONTINUE 
IF (  KX .LT.  9 )  GO TO 6  
20 DO 5 J=1,NL,5 
TDFGK = TSTAR(J)  *  T!  
WRITE (6 ,7)J ,CSTAP( J) ,TSTAR(J) ,  TDFGK 
7  FORMAT f '0* ,5X,  'J  = ' , I4 ,5X,  'CSTSR =* ,F16.6,5X,  'TSTAR = ' ,F16.6 
2 5X,  OEG K =• ,  =10.4)  
5 CONTINUE 
TI  = TI  + 4.000 
IF (  TI  .LT.  342)  GO TO 10 
12 STOP 
END 
FOLLOWING SUBROUTINE CALCULATES FFFFCTIvrNFSS FACTOR 
SUBROUTINE EFFS (BFTASl ,  PHISl  )  
IMPLICIT REAL*8 (A-H,0-Z» 
CDMMON EFF 
RADE = 0.000 
OELTAR = 0.100 
TEST = C PHISl  * *2 )  *•  BFTASl  
IF  (TFST .GT.  6.000)  GG TO 101 
EFF = 1.000 
GO TO 102 
101 PN = 3 .000 / (0 .5D0 -1.500* RAnr**2 +RA0F**3 J 
DIFF = T-ST -  PN 
IF  (n iFF)  103,104,105 
103 RADE = RADF -  CELTAR 
IF  (OELTAR- 1 .00-05)  104,104,107 
107 OELTAR = 0.200* OELTAR 
RAOE = RADE + OELTAR 
GO TO 101 
105 RADE = RADF+ OELTAR 
G O  T O  l o i  
104 EFF = 1 .000-  PADE**3 
102 RETURN 
cNO 
C FOLLOWING SUBROUTINE CALCULATES PARTIAL OERIV.  OF FFP WRT. BFTA 
SUBROUTINE OEDCS I  BETAS2,  PHÎS2 )  
IMPLICIT REAL*8 (A-H,0-Z)  
COMMON EFF /PROGl/  CNST,  ALPHA, CEDC 
FFFl  = EFF 
BFTASN = 1 .100 *  8FTAS2 
CALL EFFS (BETASN, PHIS2)  
OEOC =( (  EFF -  EFFl)  /  (  O. lOO *  BFTAS2))  *  (  -ALPHA/CNST*42 
RETURN 
SNO 
C FOLLOWING SUBROUTINE CALCULATES PARTIAL OERIV.  HE EFF WRT. PHI  
SUBROUTINE DEOTS (BETAS3,  PHIS3 )  
IMPLICIT REAL*8 (A-H,0-Z)  
COMMON EFF /PP0G2/  AC?,  ACTOER, OEOT 
EFFl  = EFF 
PHÎSN = 1.100 *  PHIS3 
CALL FFFS (  BTTASa,  PHISN )  
DFDT = {  ( i -PF-rFFl ) / {  0 .  100^ PH I  S3) )  & (PHIS3 
RCTU9N 
END 
/ /GO.SYSÎN OD *  
200,000 2.000 2.3D-05 
1.000 3.13002 2.930-03 
1.1200 0.3500 44.O60586D0 
-1.05991720-01 4.48420640-06 0.002D0 
1000 
ACTDFR/ l  2 .000*fCT))  
o .o?no 
l .OD-01 
-3.308425300 
31 .000 
10.090 
1.22003 
0.  09062578200 
55 .ono 
vo 
v£> 
200 
X. APPENDIX B 
The sample computer program computes the concentration 
and temperature profiles in a packed column of immobilized 
enzyme where plug flow conditions exist at the given conditions 
stated in the program. 
/ /E336DRM4 JOB 'U3543,TIME=3,REGI0N=128K' ,MARSH 
/ /STFPl  EXEC WATFIV 
/ /GO.SYSIN 00 *  
$JOB U4365MARSH,TIME=60,PAGES=40 
r, THIS PROGRAM WILL COMPUTE THF CONCENTRATION AND TEMPERATURE PROFILES 
C IN A PACKED COLUMN OF IMMOBILIZED ENZYME ( INTERNAL RESISTANCE CON-
C TROLLING AND PLUG FLOW CONDITIONS).  
IMPLICIT REAL*8 (A-H,0-Z)  
DOUBLE PRECISICN K i t  K2» KVREF, KM, L  
COMMON EFF /PROGI/  TI ,BETAO,BETA I ,BETA2,BETA3,BETA4» ALPHA,PHIREF,  
2  PHI ,BETA, FCN, ACTREF 
READ(5, I5)  L ,  GAMMA, KVREF,OP, U 
REA0{5,15)  CBI ,  T I ,  KM, DELH, PHO 
READC5,15)  CP,  BETAO, BETAI ,  BETA2,  BETA3 
READ(5,17)  8ETA4,  PHIREF,  TRcF,  N 
15 FORMAT (5016.0)  
17 FORMAT (3016.0,  116)  
DELTAL = l .ODG /  N 
ACTREF = BETAO + BETA1*TREF + BETA2*TREF**2 BETA3*TREF**3 + 
2 BETA4*TREF**4 
VARl  =  (L*  KVREF »  GAMMA) /  (U* CBI)*  1.0D03 
35 VAR2 = (CBI  *  DELH) /  (  TI*RHO *  CP* 1.0D03)  
K1 = (L/DP) *  VARl  
TERMl = K1/(L/DPÎ  
K2 = (L/OP) *  VARl  *  VAR2 
RATIO = K2 /  K1 
ALPHA = KM /  CBI  
WRITE (6 ,3)  
3 FORMAT ( '0 ' ,7X, 'X ' ,16X, 'CSTAR' ,  15X,  *TSTAR' ,13X,  •BPTA«,14X,  
2 *PHI ' ,12X,  *EFF FACTOR* )  
X= O.ODO 
CNST = l .ODG 
TNST = l .ODG 
10 CALL CALC (CNST,  TNST) 
TCEGK = T!  *  TNST 
WRITE (6 ,5)  X,  CNST,  TNST,  BETA, PHI ,  EFF,  TDEGK 
5 FORMAT (6X,F5.3,  13X,F7.5,  12X,F8.6,  10X,F8.6,  10X,F7.3,  12X,F7.5,  
2 5X,  F8.3)  
AKl  = -FCN *  TERMl *  DELTAL 
AL1= -AKl  »  RATIO 
CALL CALC (CNST+ AK1/2.0D0,  TNST+ AL1/2.000J 
AK2 = -FCN *  TERMl *  OELTAL 
AL2= -AK2 *  RATIO 
CALL CALC (CNST+ AK2/2.0D0,  TNST+ AL2/2.0D0)  
AK3 = -FCN *  TERMl *  OELTAL 
AL3= -AK3 *  RATIC 
CALL CALC (CNST+ AK3,  TNST+ AL3)  
AK4 =  -FCN *  TERMl •  DELTAL 
AL4= -AK4 •  RATIO 
CNST = CNST+ (AK1+2.0D0*AK2 +2.0D0»AK3+ AK4) /  6.ODD 
TNST = TNST+ (AL1+2 .0DO*AL2 +2.0D0*AL3+ AL4)  /  6.000 
X= X+DELTAL 
IF  (  X .LT.  1 .02)  GO TC 10 
WRITE (6 ,201 X,  CNST, TNST,  T I  to 
20 FORMAT (  5X,  «X = ' ,F5.3,5X,  «CSTAR = ' ,  F7.5,5X,  'TSTAR = ' ,  FT.5,  o  
2 5X,  'FEED TEMP = ' ,  F6.1)  
30 STOP 
END 
SUBROUTINE CALC (CNST,TNST) 
IMPLICIT REAL*8 (A-H,0-Z)  
COMMON EFF /PROGl/  T I ,  BETAO,BETAl ,BETA2,BETA3,BETA4,ALPHA,PHIREF,  
2  PHI ,BETA, FCN, ACTREF 
TCFNT = TI*TNST -2.73002 
ACT =(B2TA0 + BFTA1*TCENT + BETA2*TCENT**2 + BETA3*TCENT**3 + 
2 BETA4*TCENT**4 )  /  ACTREF 
BETA = ALPHA/CKST 
PHI  = PHÎRFF*OSQRT(ACT) 
CALL EFFS (BET A,PHI)  
FCN = ACT *  EFF *  (CNST /  (ALPHA+CNST))  
RETURN 
END 
SUBROUTINE EFFS (BÇTAS1,  PHISl  )  
IMPLICIT REAL*8 (A-H,0-Z)  
COMMON EFF 
RADE = O.ODO 
DELTAR = O. IDO 
TEST = {  PHISl  * *2 )  *  BETASl  
IF  (TEST .GT.  6.0D0)  GO TO 101 
EFF = l .ODG 
GO TO 102 
101 PN = 3.0D0 / (0 .5D0 -1.500* RA0E**2 +RADE**3 )  
OIFF = TEST -  PN 
IF (OIFF)  103,104,105 
103 RADE = RADE -  DELTAR 
IF  (DELTAR- 1 .00-05)  104,104,107 
107 DELTAR = 0.200* DELTAR 
RADE = RADE + DELTAR 
GO TO 101 
105 RADE = RADE+ DELTAR 
GO TO 101 
104 EFF = l .ODO- RADE**3 
102 RETURN 
END 
SENTRY 
200.ODO 
1.000 
0.85D0 
4.48420640—06 
2.000 
3.28002 
44.06058600 
31.000 
2.30-05 
2.930-03 
-3.308425300 
55.000 
0. 1000 
1.22003 
0.09062578200 
100 
10.000 
1.1200  
- l .05991720-03 
$STCP 
